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With the rapid development of intermittent renewable energies and 
electric transportation systems, energy storage devices with 
ultra-high-energy-density and long-lasting service life are highly desirable. 
Rechargeable Li–O2 batteries with remarkably high theoretical energy density 
have attracted extensive attention. However, for practical applications, Li-O2 
batteries have suffered numerous challenges during the discharge-charge 
process, such as high overpotential, low rate capacity and poor cycle stability. 
The key factor to tackle these issues is to develop highly-efficient cathode 
catalysts, which can promote the oxygen reduction reaction (ORR) and 
oxygen evolution reaction (OER). In this thesis, we have devoted our efforts to 
develop a series of nanostructured porous metal oxides as efficient cathode 
catalysts for Li-O2 batteries. 
Porous perovskite LaNiO3 nanocubes have been successfully developed 
through a hydrothermal method and calcination process. The influence of 
porous perovskite LaNiO3 nanocubes on the battery performance has been 
discussed in detail in Chapter 3. Combined electrochemical measurements and 
physical characterizations of the electrodes revealed that the lithium anode 
corrosion and cathode passivation were responsible for the capacity fading of 
Li-O2 batteries.  
X 
 
Various porous and hollow-structured metal oxides with extremely large 
surface area have also been developed by using Prussian blue analogous 
(PBAs) as the precursors. In Chapter 4, we demonstrate the fabrication of 
spinel-type porous Co–Mn–O nanocubes with the surface area of 110 m2 g-1 by 
calcinating PBAs nanocubic precursors at high temperature (475 oC) in air. 
Chapter 5 and 6 detail our efforts to synthesize hollow-structured metal oxides 
at low temperature. The low temperature process can minimize particles 
aggregation and structural damage, thus maximizing the surface area. Via this 
premise, hierarchical porous δ-MnO2 nanoboxes have been successfully 
synthesized via an ion exchange reaction and a low temperature oxidation 
(80	Ԩ) process by using PBAs as the precurssors. Porous Co3O4 nanoboxes 
have also been directly developed via the similar ion exchange reaction at 60 
oC. The hierarchical porous δ-MnO2 nanoboxes and porous Co3O4 nanoboxes 
possess the surface areas of 249.3 and 272.5 m2 g-1, respectively. The 
formation mechanism of the hierarchical porous δ-MnO2 nanoboxes and the 
porous Co3O4 nanoboxes, and their electrochemical performance as the 
cathode catalysts for Li-O2 batteries have also been discussed in detail in 
Chapter 5 and 6. The synergistic effects of their large specific surface area, 
porous hollow structure, and high electrocatalytic activity endow the Li–O2 
batteries with reduced overpotential, enhanced discharge capacity, improved 
rate performance and excellent cycle stability.  
XI 
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Chapter 1 Introduction 
 
In recent years, energy crisis and environmental pollution have become 
serious political and scientific issues around the world. It is reported that 
during 2002-2011 fossil fuels represent 82% of the primary energy sources 
and account for 83% of all human-produced carbon dioxide emissions in the 
world, intensifying the global warming effects.1 In addition,  the slather using 
of the fossil fuels also brings and accelerates the appearance of many other 
environmental problems, such as air pollution, acid precipitation and ozone 
depletion etc.2 Along with the growing environmental concerns, intensive 
efforts have been devoted to the development of renewable clean energies, 
such as solar energy, wind energy and tidal energy etc.2, 3 As most of the 
renewable energies are intermittent, therefore, energy storage systems with 
high energy density are required. One of the well-known and most widely 
used energy storage systems is Li-ion battery. Li-ion batteries were designed 
in the 1970s and now have been widely applied in consumer electronics and 
hybrid electric vehicles.4 However, even after having been fully developed for 
more than 40 years, the highest storage capacity of Li-ion batteries still cannot 
meet the requirements of the future electric vehicles, which shall be able to 
drive more than 300 miles up on one single charge.5, 6 Therefore, there have 
been  strong demands for the development of energy storage systems with 
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higher energy density. Substantial fundamental research activities have been 
conducted in developing next-generation energy storage systems. 
Rechargeable Li-O2 batteries with the highest theoretical energy density have 
attracted extensive research attention in the past couple of years.7, 8  
 
1.1 Introduction of Li–O2 batteries 
The concept of lithium-oxygen (Li-O2) batteries can be dated back to 
1976;9 however, until 20 years later, the first prototype of Li-O2 batteries was 
presented by Abraham.10 Till 2006, the rechargeability of Li-O2 batteries was 
demonstrated by P. G. Bruce.11 Since then, enormous research attention has 
been aroused and great advances have been achieved in developing Li-O2 
batteries. In theory, the energy density of Li-O2 batteries can reach 11680 
Wh/kg, which is about 10 times higher than that of the traditional Li-ion 
batteries.9, 12 (Figure. 1-1, Table 1-1)  
 
Figure 1-1. The gravimetric energy densities (Wh/kg) for various types of 
rechargeable batteries compared to gasoline. Reprinted from ref. 9, with permission 
from the American Chemical Society, Copyright 2010.
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The high energy density of Li–O2 batteries arises from two reasons: (1) 
lithium is the lightest metal and possesses the highest specific capacity as the 
anode; (2) the cathode active material “oxygen” is not stored in the batteries 
and can be directly absorbed from the atmosphere during the discharge 
process. This significantly reduces the mass and volume of the batteries. 
Table 1-1. Summary of electrochemical reactions of various batteries. Reprinted from 









density (Wh l−1) 
Today’s Li-ion: 
½C6Li + Li0.5CoO2 ↔ 
3C + LiCoO2 
3.8 387 1015 
Zn–air: Zn + ½O2 ↔ 
ZnO 
1.65 1,086 6091 (ZnO) 
Li–S: 2Li + S ↔ Li2S 2.2 2,567 2199 (Li + Li2S) 
Li–O2 (non-aqueous): 
2Li + O2 ↔ Li2O2 
3.0 3,505 3436 (Li + Li2O2) 
Li–O2 (aqueous): 
2Li + ½O2 + H2O ↔ 
2LiOH 
3.2 3,582 2234 (Li + H2O +LiOH) 
1.2 Basic concepts and working principles of Li–O2 batteries 
1.2.1 Architectures of Li–O2 batteries 
The Li-O2 batteries can be simply understood by the combination of the 
anode of Li-ion batteries with the cathode of fuel cells to construct hybrid 
battery−fuel cell systems. A typical rechargeable Li-O2 battery cell comprises 
an open system with porous cathode, a lithium anode, a separator and 
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electrolyte. Based on the types of electrolytes used, the Li-O2 batteries are 
divided into four types, namely, aprotic Li-O2 batteries, aqueous Li-O2 
batteries, hybrid Li-O2 batteries and solid-state Li-O2 batteries.12-15 These four 
architectures are outlined in Figure 1-2. Among these four types  Li-O2 
batteries, aqueous, hybrid and solid-state Li-O2 batteries are not widely studied 
due to the lack of efficient Li metal protection separators and solid-state 
electrolytes. Only aprotic Li-O2 batteries with the most promising features in 
terms of rechargeability have attracted numerous attentions. In this thesis, we 
only focus on the development of Li-O2 batteries with aprotic electrolyte.  
 
Figure 1-2. Schematic of cell configurations for the four types of Li−O2 batteries. 
Reprinted from ref. 12, with permission from the American Chemical Society, 
Copyright 2014. 
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1.2.2 Fundamentals and mechanisms of aprotic Li–O2 batteries 
The structure of  aprotic Li-O2 batteries is similar to that of the Li-ion 
batteries, except that the cathode is exposed to oxygen. In typical aprotic 
rechargeable Li-O2 batteries, Li foils are generally used as the anode and shall 
be replaced ultimately due to the safety issues. Glass fibers are used as the 
separators instead of commercial polypropylene (PP) and polyethylene (PE) 
separators, as they can absorb more electrolytes and avoid the dry-up of the 
electrolytes during the long-term testing in the open system. The relative 
stable electrolytes including dimethylsulfoxide (DMSO) and tetra(ethylene) 
glycol dimethyl ether (TEGDME) dissolved with lithium perchlorate (LiClO4), 
lithium trifluoromethanesulfonate (LiCF3SO3) or lithium bis(trifluoromethane 
sulfonyl) imide (LiTFSI) have been developed and widely used in the aprotic 
Li-O2 batteries. In the aprotic Li-O2 batteries, all of the reactions between 
lithium and oxygen occur on the porous cathodes; therefore, it is critical to 
build ideal conducting matrixes as the cathodes. The cathodes are usually 
fabricated by coating the mixture of catalysts, conducting carbon additives and 
binders on current collectors, such as carbon papers or Ni foams. Some special 
designs such as carbon free and binder free cathodes have also been developed 
for the application of Li-O2 batteries.16-18 
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The mechanism of the Li-O2 batteries is complex and arguments about 
the dominant electrochemical reactions still remain. The most acceptable 
mechanism is given below: 19-22 
O2 reduction reaction during the discharge process is: 
ܱଶ∗ ൅ ݁ି ൅ ܮ݅ା ⇄ ܮܱ݅ଶ∗																					R1 
Followed by 
ܮܱ݅ଶ∗ ൅ ܮܱ݅ଶ∗ ⇄ ܮ݅ଶܱଶ∗ ൅ ܱଶ															ܴ2 
Or 
ܮ݅ା ൅ ݁ି ൅ ܮܱ݅ଶ∗ ⇄ ܮ݅ଶܱଶ∗														ܴ3 
Li2O2 oxidation reaction during charge process is: 
ܮ݅ଶܱଶ∗ ⇄ 2ܮ݅ା ൅ 2݁ି ൅ ܱଶ										ܴ4 
Here the * refers to the surface adsorbed species.  
Assuming that no side reaction takes place, during the discharge process, 
the Li anode is oxidized by releasing an electron to produce Li+ in the 
electrolyte; whereas the oxygen is reduced to O2- on the surface of the cathode 
and combines with Li+ to form the intermediate LiO2 (R1). Subsequently, 
insoluble Li2O2 will be formed on the surface of the cathode through the 
disproportionation reaction (R2) or the electrochemical process (R3). The 
formation of LiO2 prior to that of Li2O2 has been evidenced by in-situ surface 
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enhanced Raman spectroscopy (SERS).19 During the charging process, Li2O2 
is decomposed with the evolution of O2. However, no LiO2 is detected by the 
in-situ SERS, indicating that the Li2O2 decomposes directly and does not 
involve LiO2 as an intermediate.19 These results indicate that the Li-O2 
batteries are rechargeable, but ORR is irreversible. 
1.2.3 Challenges for Li–O2 batteries 
As mentioned above, the Li-O2 batteries can be constructed as a kind of 
hybrid battery−fuel cell systems. Although possessing the advantages of fuel 
cells and lithium ion batteries, the Li-O2 batteries suffer from the 
disadvantages of both systems, such as low power density, high overpotential, 
poor cycle and electrolyte stability. 
Currently, the Li-O2 batteries can only be discharged-charged at a current 
density of 0.1-0.5 mA cm-2, which is much smaller than that of Li-ion batteries 
(＞ 10 mA cm-2) and polymer electrolyte membrane fuel cells (＞10 mA 
cm-2).14 Moreover, the discharge capacity will be significantly reduced when 
high current density is applied. This makes it difficult to take advantage of the 
potentially high specific energy density of Li-O2 batteries with high power 
density.23 All results indicate that the Li-O2 batteries have poor power density 
and unpromising rate performance. 
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High overpotential is another main challenge of Li-O2 batteries. In 
electrochemistry, overpotential is defined as the potential (voltage) difference 
between the theoretical thermodynamic value and the potential which is 
experimentally observed.24  High overpotential means that more energy is 
required to drive the reaction. In theory, the thermodynamic potential of Li2O2 
calculated from the Nernst equation is 2.96 V (U0).25, 26 However, in practical 
experiments, the voltage gap between discharge and charge is usually larger 
than 1.0 V (Figure 1-3), which results in a low voltage efficiency less than 70% 
(in comparison with > 90% for Li-ion batteries).27 During the discharge 
process, the voltage plateau is at the range of 2.6 to 2.8 V, which is smaller 
than the thermodynamic potential (2.96 V). Viswanathan et al. 23 have 
investigated the overpotential of Li-O2 batteries through Tafel plots. They 
found that the overpotential for discharge was dominated by impedance 
increase of the cell. In charge process, the charging overpotential shows 
strongly variation in the range of ～0.2 V to ～1.4 V, depending on the types 
of catalysts used in different experiments.28, 29 This overpotential should arise 
from the accumulation of insoluble and insulating Li2O2 on the surface of the 
cathode, which increases the internal resistance of the cell. Moreover, the 
non-decomposable side-products formed at the electrolyte-Li2O2 interface 
should also be responsible for the high charge potential and potential 
increasing during the charge process.30 The variation of the overpotential for 
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charge has also caused considerable controversy about the role of cathode 
catalysts during ORR/OER processes and the working mechanism of the Li-O2 
batteries.31  
 
Figure 1-3. Typical discharge-charge curve of Li-O2 batteries. Reprinted from ref. 9, 
with permission from the American Chemical Society, Copyright 2010. 
 
The stability of the electrolyte is one of the major challenges to date in 
Li-O2 batteries. The aprotic electrolytes used in the Li-O2 batteries shall have 
the properties of good electrochemical stability and good O2 solubility.32 At 
the early stage, commercial electrolytes for Li-ion batteries such as propylene 
carbonate (PC), dimethoxyethane (DME) dissolved with lithium 
hexafluorophosphate (LiPF6) or LiClO4 were directly employed as the aprotic 
electrolytes for Li-O2 batteries.33-35 However, these electrolytes have been 
demonstrated to be very unstable in the Li-O2 batteries system.36-38 Since then, 
great efforts have been devoted to the exploration of more stable electrolytes. 
Various solvents (TEDGME, DMSO, NMP etc.) and salts (LiTFSI, LiClO4 
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etc.) have been studied in detail.20, 39, 40 Unfortunately, all the electrolytes have 
demonstrated to be partly decomposed during the discharge-charge process 
and side-products have been found.36, 38, 41-43 The proposed mechanism for the 
decomposition of alkyl carbonate and ether-based electrolytes during 
discharge is shown in Figure 1-4.37, 38 Various side products such as Li2CO3, 
HCO2Li, CH3CO2Li etc. have been detected. These side-products are 
non-decomposable, and hence block the catalytic sites and pores of the 
cathode, resulting in serious capacity fading, overpotential increasing and poor 
cycle stability. In addition, the high overpotential in charge process can also 
induce the decomposition of the electrolyte.  
 
Figure 1-4. Proposed mechanism for the decomposition of alkyl carbonate and 
ether-based electrolytes during discharge. Reprinted from ref. 37 and 38, with 
permission from the American Chemical Society, Copyright 2011; and wiley-VCH, 
Copyright 2011; respectively. 
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Nevertheless, among all the investigated solvents, the long chain ethers 
such as TEGDME have demonstrated to be relatively more stable when in 
contact with Li metal and superoxide radicals.44 The high oxidation potential 
(>4.5 V versus Li/Li+) of TEGDME can also minimize the decomposition of 
the electrolyte during the charge process. In addition, long chain ethers with 
large molecular weights have less volatility and polarity, which are favorable 
to improve the rate performance.  
1.3 Catalysts for Li–O2 batteries 
It is generally believed that catalysts are critical to improve the battery 
capacity, cycling stability, rate performance, as well as to reduce the 
overpotential. Many studies have demonstrated that the overpotential of 
discharge and charge can be dramatically reduced by the use of cathode 
catalysts.45-47 However, McCloskey et al. have questioned the necessity of 
cathode catalysts as well as the role of the cathode catalysts during ORR/OER 
processes. As shown in Figure 1-5a, they found that the catalysts (Au/VX-72 
and α-MnO2/VX-72) barely lowered the OER potential compared to that of the 
pure carbon.31 They further conducted the 18O isotopic experiments together 
with differential electrochemical mass spectrometry (DEMS) to analyze the 
gas evolution during the discharge-charge process.21, 30 As shown in Figure 
1-5b, only about 2 % 16,18O2 was produced. This indicated that almost no O-O  




Figure 1-5. (a) Discharge-charge voltage curves of Li-O2 batteries with various 
catalysts; (b) DEMS measurements of O2 isotopes during an oxidative potential scan at 
0.5 mV/s following galvanostatic discharge at 0.5 mA to a capacity of 0.41 mAh under 
a ∼50:50 mixtures of 16O2 and 18O2.The current is the solid line. (a) Reprinted from ref. 
31, with permission from the American Chemical Society, Copyright 2011; (b) 
Reprinted from ref. 21, with permission from the American Chemical Society, 
Copyright 2012. 
 
bond was broken during the discharge process.21 Even if these catalysts were 
effective, the function of them was different from those used in aqueous 
ORR/OER, which were to optimize the splitting/recombination of the O-O 
bond. Arguments about the electrocatalysis still exist. Nevertheless, 
improvements of the batteries’ performance are obvious after the use of 
catalysts. The efforts in the development of highly-efficient electrocatalysts for 
Li-O2 batteries have never stopped in recent years. In this part, some 
representative catalysts with outstanding battery performance will be reviewed. 
Based on them, we aim to summarize the important factors of the catalysts for 
improving the performance of Li-O2 batteries, and to provide design rules for 
more efficient cathode catalysts. 
    Chapter 1 
13 
 
High electrical and ionic conductivity and good electrochemical stability 
are required for cathode catalysts for Li-O2 batteries. The high porosity and 
large specific surface area are also critical. The porous structure ensures the 
easy diffusion of oxygen and electrolyte during the discharge-charge process. 
The large specific area can provide enough space to store the discharge 
products (Li2O2), and hence ensuring the large capacity. Currently, the widely 
used catalysts can be roughly classified into three categories: (1) carbon-based 
materials, (2) precious metals and metal oxides, (3) non-precious metal oxides. 
1.3.1 Carbon-based materials 
Carbon-based materials, which are usually used as catalysts supports and 
conductive additives, have been demonstrated to be good catalysts for Li-O2 
batteries recently. To our knowledge, carbon-based materials are expected to 
deliver the highest specific capacity in Li-O2 batteries due to their low mass 
density. Furthermore, carbon-based materials are also one of the best 
candidates which can provide desired porosity and electrical conductivity. In 
the early stage, commercial carbon blacks including Ketjen Black, Super P etc. 
were firstly employed as the cathode catalysts for Li-O2 batteries.48-50 These 
commercial carbon blacks showed impressive discharge capacity but poor 
cycle stability.  
Aside from the commercial carbon blacks, various other carbon structures 
such as graphene and its derivatives,51-57 carbon nanotubes (CNTs),58-62 carbon 
    Chapter 1 
14 
 
fibers (CFs)63-66 and mesoporous carbons67-71 have also been investigated and 
employed as the cathode catalysts for Li-O2 batteries. The relationship 
between capacity and pore size/volume and surface area of the carbon 
materials has also been investigated in detail by many groups.67, 69, 72 
Researchers have found that the battery performance strongly depended on the 
combined effect of pore volume, pore size and surface area of carbon.  67 69  
Meso-pores and macro-pores ranging from 20 to 80 nm were particularly 
favorable to achieve large capacity and good rate performance.72 
 Graphene, a monolayer two-dimensional (2D) carbon material with 
good mechanical properties, high surface area and high electrical conductivity 
has been demonstrated to be a good cathode material for Li-O2 batteries. For 
instance, Xiao et al.51 developed a novel hierarchically porous graphene 
cathode for Li-O2 battery, which delivered a capacity as high as 15000 mAh 
g-1. As shown in Figure 1-6a and 1-6b, the three-dimensional (3D) 
hierarchically porous cathode assembled by functionalized graphene sheets 
(FGSs) contained numerous large tunnels and possessed a large surface area 
(189 m2 g-1). The significantly improved discharge capacity can be attributed 
to the synergistic effect of the large surface area, hierarchically porous 
structure, and the defects and functional groups on the FGSs. The 
hierarchically porous structure facilitated continuous oxygen-flow into the 
cathode, which can promote the ORR. Meanwhile, lattice defects and 
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functional groups on the FGSs promoted the nucleation and formation of 
isolated nanosized Li2O2 (Figure 1-6c and 1-6d). In addition, numerous FGSs 
can provide sufficient catalytic sites for the ORR and enough spaces to afford 
the deposition of Li2O2.  
 
Figure 1-6. (a, b) SEM images of as-prepared FGS (C/O = 14) cathodes at different 
magnifications. (c, d) Discharged cathode using FGS with C/O = 14 and C/O = 100, 
respectively. Reprinted from ref. 51, with permission from the American Chemical 
Society, Copyright 2011. 
 
The effects of defects and functional groups were further confirmed by 
Su’s group.57 They successfully synthesized graphene nanosheets (GNSs) and 
nitrogen-doped graphene nanosheets (N-GNSs) with a similar structure, 
morphology, micro/meso-porosity and pore size distribution, and employed 
them as the cathodes for Li-O2 batteries. It was found that the batteries with 
N-GNS electrodes showed larger discharge capacity under all investigated 
current densities (Figure 1-7a). The larger capacity should be attributed to the 
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present of the defects and functional groups on N-GNSs, which can promote 
the nucleation of Li2O2 with small size, and thus retarding the passivation of 
cathode. It can be seen in Figure 1-7b, Li2O2 particles with 200-500 nm were 
formed on the surface of N-GNSs electrode, which was much smaller than that 
on the GNSs electrode (Figure 1-7c). 
 
Figure 1-7. (a) Voltage profiles of GNSs and N-GNSs electrodes at various current 
densities; SEM images of the fully discharged (b) N-GNSs, (c) GNSs electrodes. 
Reprinted from ref. 57, with permission from Elsevier, Copyright 2012. 
 
CNTs and CFs, particularly binder-free CNTs and CFs also show 
considerable superiority as the cathodes for Li-O2 batteries. Recently, Lim and 
co-workers58 have developed a novel hierarchical porous cathode based on the 
well-aligned CNTs. As shown in Figure 1-8a and 1-8b, this cathode with 
controlled pore structure was fabricated by orthogonally plying individual 
sheets of aligned multiwall carbon nanotubes (MWCNTs) without using any 
binder or solvent. This particular design enabled the uniform formation of 
discharge products on the surface of the CNTs, as well as minimizing the pore 
clogging (Figure 1-8c and 1-8d). As a result, a good cycle stability and 
unprecedented rate performance were obtained. The battery with the 
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as-prepared cathode can run 60 cycles at 2000 mA g-1 with limited capacity of 
1000 mAh g-1, which was the best rate performance up to date.  
 
Figure 1-8. SEM images of the CNT fibril at a) low magnification (inset: large area 
image of the air electrode); b) high magnification; c) TEM image of CNT fibrils after 
the first discharge (inset: high magnification TEM image); d) SEM image of the CNT 
fibrils after 100 cycles. Reprinted from ref. 58, with permission from Wiley-VCH, 
Copyright 2013. 
 
As aforementioned, it has been demonstrated that carbon-based materials 
are good candidate catalysts in terms of improving the capacity and rate 
performance of Li-O2 batteries due to their large surface area and controllable 
pore structure. Despite the advantages of carbon-based materials, 
unfortunately, carbon materials have been demonstrated to be unstable in the 
Li-O2 batteries system.30, 73, 74 Bruce and co-workers found that carbon was 
relatively stable during the discharge process, but unstable on charging when 
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the potential was above 3.5 V (vs Li/Li+).73 It could be oxidized and reacted 
with Li2O2 to form Li2CO3. McCloskey et al.74 further found that the carbon 
oxidation reaction happened through the whole charge process. Therefore, 
carbon-free cathodes or substituted materials must be developed in order to 
achieve more stable Li-O2 batteries. 
1.3.2 Precious metals- and metal oxides-based catalysts 
To date, precious metals and their oxides are the most efficient catalysts, 
because of their superior electrocatalytic activity towards ORR and OER. Due 
to their high costs, when used as cathode catalysts for Li-O2 batteries, they are 
usually decorated on carbon materials or non-precious metal oxide materials.75, 
76 In 2010, Y. Shao-Horn and co-workers first employed precious metals (Pt, 
Au, Ru et. al) as the catalysts for Li-O2 batteries.34, 77, 78 Since then, extensive 
research interest has been attracted in developing precious metals and precious 
metal oxides based catalysts. One of the important observations is that the 
precious metals and metal oxides are able to control the morphology of Li2O2, 
thus promoting the OER and reducing the overpotential of charge. For 
example, Eda Yilmaz et al.76 developed a RuO2-based free-standing and 
binder-free cathode for Li-O2 batteries. The RuO2 nanoparticles (RuO2 NPs) 
were dispersed on MWCNTs homogeneously by using a hydrothermal method. 
When employed as the cathodes for Li-O2 batteries, they significantly 
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increased the discharge potential (2.8V) and reduced the charge potential 
(3.84V), and resulted in a dramatically improved round-trip efficiency of 73%. 
 
Figure 1-9. (a, c) Schematic illustration of the Li2O2 formation process and (b, d) TEM 
images of 1st discharge products. Reprinted from ref. 76, with permission from the 
American Chemical Society, Copyright 2013. 
 
The improved round-trip efficiency was attributed to the homogeneous 
formation and easy decomposition of the thin-film like Li2O2 on the surface of 
RuO2/CNTs. As shown in Figure 1-9c and 1-9d, the RuO2 NPs promoted the 
formation of Li2O2 thin films with poor crystallinity around the CNTs. The 
thin-film like discharge products also possessed many defects, which could 
transform the insulating Li2O2 into an electrical conductor, thus ensuring the 
Li2O2 decomposition with low charge potential. In contrast, tailored Li2O2 
with large size were formed on the bare CNT cathode (Figure 1-9a and Figure 
1-9b), which required high charge potential to decompose them. 
Similar effect on controlling the morphology of Li2O2 by precious metal 
catalyst was also reported by Xu et al.79 They developed a cathode involving 
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free-standing honeycomb-like palladium-modified hollow spherical carbons 
deposited onto carbon paper (P-HSC). This catalyst enabled a uniform growth 
 
Figure 1-10. (a, b, c) FESEM images of the electrodes after discharge process with 
limited capacity of 3000 mAh g-1, (a) P-HSC deposited onto CP cathode; (b) HSC 
deposited onto CP cathode; (c) SP cathode. The insets in a–c are the corresponding 
enlarged FESEM images. White scale bars, 1 um. Green scale bars, 400 nm. (d) First 
charge–discharge curves of Li-O2 cells at a current density of 300mA g-1 and a specific 
capacity limit of 3000 mAh g-1. Reprinted from ref. 79, with permission from Nature 
Publishing Group, Copyright 2012.
 
of unique Li2O2 nanosheets (<10nm thicknesses) onto the wall of the hollow 
carbon spheres of the P-HSC. (Figure 1-10a) The uniformly and loosely 
distributed Li2O2 nanosheets provided sufficient Li2O2–electrolyte interfaces, 
leading to reduced overpoetntial (Figure 1-10d) and enhanced rechargeability 
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of the Li-O2 cell. In sharp contrast, micro-sized toroidal and irregularly 
dispersed Li2O2 were deposited on the hollow spherical carbons (HSC) 
cathodes and Super P carbon (SP). (Figure 1-10b and 1-10c) The high packing 
density of the toroid-shaped Li2O2 hindered the formation of the 
Li2O2-electrolyte interface, and consequently increased the charge potential 
(Figure 1-10d). 
Many other catalysts such as gold nanoparticles anchored to CNTs have 
also been study.75 It was found that the AuNPs can act as the additional 
nucleation sites for Li2O2 growth, forming Li2O2 particles with increased 
density as well as reduced size. The reduced size and the AuNPs embedded in 
the Li2O2 particles improved the conductivity of the discharge products, which 
resulted in a reduced charge potential and extended cycle number. 
Not taking the cost into account, precious metals and metal oxides can be 
regarded as outstanding carbon-free catalysts. Peng et al. first used nanopoous 
gold as a cathode for Li-O2 battery and the battery can run 100 cycles with the 
charge-mass ratio on discharge and charge of 2e–/O2. This indicated that the 
Li2O2 formation/decomposition reaction was overwhelming. Zhou et al. also 
have paved the way for the development of precious metals and metal oxides 
based carbon-free catalysts.17, 45 They have used Ru/ITO compound and RuO2 
hollow spheres as the cathodes for Li-O2 batteries, and both of them presented 
low overpotentials and excellent cycle performance. 
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1.3.3 Non-precious metal oxides-based catalysts 
Non-precious metal oxides with relatively low cost, high chemical 
stability and catalytic activity have shown considerable advantages as cathode 
catalysts for Li-O2 batteries. Among all the transition metal oxides, 
MnO2-based catalysts with various crystalline phase, controllable size, 
morphology and structure have attracted much attention. P. G. Bruce and 
co-workers have systematically studied the catalytic performance of various 
manganese oxides and found that α-MnO2 nanowire showed the best 
performance for the application of Li-O2 batteries.80 Since then, various 
strategies have been developed to synthesize MnO2-based materials for high 
performance Li-O2 batteries, such as controlling morphology and crystalline 
states,81-84 growing on different substrates (conductive carbon,85, 86 
graphene,87-90 Ni foam91, 92 etc), as well as decoration by noble metals93-95 and 
other metal oxide96. The catalytic activity of MnO2-based catalysts strongly 
depends on their crystallographic structures, preparation methods and physical 
properties such as morphology, surface area and particle size etc. Benbow et 
al.97 synthesized a series of α-MnO2 with different morphologies through 
different methods. They compared their catalytic activity in the organic 
electrolyte and found that α-MnO2 nanorods prepared through a solvent-free 
method displayed the highest catalytic activity among all the studied catalysts. 
The improved catalytic activity of α-MnO2 nanorods can be ascribed to the 
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solvent-free preparation method, which ensured the materials with low 
average oxidation state, small crystallite size, high surface area, and large pore 
volume. 
Structure defects have also been demonstrated to have a major effect on 
the catalytic activity of MnO2 for Li-O2 batteries by Narzar’s group.98 In their 
experiments, Na0.44MnO2 nanowires (Figure 1-11a) were used as the precursor 
and controllable defects were introduced in them by acid leaching. The 
discharge-charge tests showed that the catalysts with a high defect 
concentration presented a double of the capacity and lower overpotential of 
OER (Figure 1-11b). 
 
Figure 1-11. (a) SEM images of the pristine Na0.44MnO2 nanowires, (b) First 
discharge-charge voltage profiles for pristine (P-Z-MnO2/KB), acid-leached 
Na0.44MnO2 (AL-ZMnO2/KB), α-MnO2 (P-α-MnO2/KB) and carbon (KB) electrodes. 
Reprinted from ref. 98, with permission from the Royal Society of Chemistry, 
Copyright 2012. 
 
Beside MnO2-based materials, cobalt oxide (Co3O4) with mixed oxidation 
states of Co2+ and Co3+ is another kind of promising candidates of 
non-precious metal oxides catalysts for Li-O2 batteries.99-106 Black et al.107 
studied the role of catalyst in Li-O2 batteries by using Co3O4/reduced graphene 
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oxide as the catalysts. They found that catalysts can act as a promoter to 
enhance the surface transport of LixO2 species by reducing their bonding 
strength with cathode materials in the discharge and charge process. This can 
largely facilitate the mass transport for both ORR and OER, thus resulting in 
reduced overpotential. 
In aqueous system, it was found that the electrocatalytic activity of 
nanomaterials not only depended on their components but also the exposed 
facets.108-110 In the aprotic Li-O2 batteries system, the facet-dependent 
electrocatalytic activity of the nanomaterials especially Co3O4 has also been 
investigated by experiments and theoretical calculations.103, 104, 106 Liu’s 
group103 employed the well-defined Co3O4 cubes with exposed (001) plane 
and octahedrons with exposed (111) plane as the catalysts and compared their 
Li-O2 batteries performance. They found that Co3O4 octahedron with exposed 
(111) plane possessed higher specific and rate capability, and better cycling 
performance. They also constructed an interfacial model to further confirm the 
facet-dependent electrocatalytic activity of Co3O4 and studied the 
decomposition mechanism of Li2O2 deposited on the Co3O4 surfaces.106 
Through the density functional theory (DFT) calculation, they found that 
Co3O4 (110) surface could induce the decomposition of Li2O2 to form Li2O 
and a dangling Co−O bond, which would lead to a high charging voltage in 
the subsequent cycles, and resulting in poor cyclic performance. On the 




Figure 1-12. Voltage profiles of (a) bare CNT, and different Co3O4 catalysts loaded 
CNT: (b) Co3O4 nanocubes (100) facets, (c) pseudo octahedral Co3O4 (100) and (110) 
facets, (d) (110) facets exposed Co3O4 nanosheets, (e) (112) facets exposed Co3O4 
nanolaminars, and (f) (111) facets exposed hexagonal Co3O4 nanoplatelets. Blue and 
red lines represent the first and second cycles, respectively. Current density is 200 mA 
g-1. Reprinted from ref. 103, with permission from Nature Publishing Group, Copyright 
2014. 
 
contrary, they suggested that O-rich Co3O4 (111) plane with a relatively low 
surface energy had a higher catalytic activity in reducing the O2 desorption 
barrier. This feature was very important to regenerate active sites of catalysts, 
thus improving the cycle stability of Li-O2 batteries. Su et al.104 further 
compared the catalytic activity of Co3O4 in various crystal planes. As shown in 
Figure 1-12, they found that the catalytic effect on reducing charge-discharge 
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over-potential strongly depended on different Co3O4 crystal planes, following 
the order of (100) < (110) < (112) < (111).  
Apart from the single-metal oxides, mixed-metal oxides including 
spinel-type (AB2O4) oxides111-115, perovskite-type (ABO3) oxides116-120, 
pyrochlore-type (A2B2O7) oxides121, 122 etc. are also widely used as the cathode 
catalysts in aprotic Li-O2 batteries. Zhang and co-works synthesized 
mesoporous NiCO2O4 nanoflakes as electrocatalysts for Li-O2 batteries and 
the batteries presented lower overpotentials.123 Xu et al. used perovskite-based 
porous La0.75Sr0.25MnO3 nanotube as a cathode for Li-O2 battery and cycled 
the battery over 124 cycles at the limited capacity of 1000 mAh g-1.119 Nazar’s 
group also developed metallic mesoporous Pb2[Ru1.6Pb0.44]O6.5 as the cathode 
for Li-O2 batteries, which showed promising catalytic activity and resulted in a 
high capacity of 10000 mAh g-1.121 
It should be noted that most non-precious metal oxides are 
semiconductors. They cannot provide the electrical conductivity as high as 
carbon-based materials and precious metals and their metal oxides. Thus, 
non-precious metal oxides are usually mixed with conductive carbon blacks or 
grown on the carbon-based materials to form composites and act as cathodes 
for Li-O2 batteries. If not specially specified, the cathodes mentioned above 
are all metal oxides/carbon composites. An alternative strategy to improve the 
cathode conductivity is growing the non-precious metal oxides on Ni foams to 
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develop carbon- and binder-free cathodes. This design also minimizes the side 
reactions caused by unstable carbon components, thus improving the cycle 
stability of the batteries. Cui et al.18 successfully grew Co3O4 nanorods on Ni 
foams, and directly used them as carbon- and binder-free cathodes (Figure 
1-13a). The batteries test showed that these cathodes possessed increased 
discharge capacity with low charge potential (3.75 V) at the current density of 
0.1 mA cm-2, as shown in Figure 1-13b. Moreover, higher conductivity was 
 
Figure 1-13. (a) The schematic diagram of the free-standing-catalyst based electrode 
during cycling in the Li–O2 batteries, (b) First discharge/charge profiles of the pure 
Co3O4 (black), Co3O4/ acetylene black Carbon (AB) (blue) and Co3O4/Ni (red) based 
Li-O2 cells at 0.1 mA cm-2. (c) Impedance spectra of whole Li-O2 cells based on 
Co3O4@Ni and Co3O4@AB at the begin of 1st discharge. Reprinted from ref. 18, with 
permission from the Royal Society of Chemistry, Copyright 2011. 
 
obtained when compared with conventional carbon-mixed cathodes fabricated 
by simply coating the mechanically mixed Co3O4/acetylene black carbon (AB) 
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slurries on Ni foams current collectors (Figure 1-13c). From then on, many 
other metal oxides such as (Co, Mn)3O4 nanowires124, Co3O4 nanowires101 and 
ε-MnO2 sponges91 etc. have also been deposited on Ni foams. All of them 
showed an enhanced battery performance.  
In this section, we have reviewed some representative examples of the 
most widely used catalysts in Li-O2 batteries. The roles of these representative 
catalysts in the formation and decomposition of Li2O2 have also been 
considered and discussed. Besides the above three types of catalysts, a wide 
range of other materials (such as metal carbide125-128 and soluble catalysts47, 
129-132 ect.) have also been employed as cathode catalysts for the application of 
Li-O2 batteries. 
1.4 Porous/ Hollow-Structured Materials 
Porous structure is favorable in the application of Li-O2 batteries, 
regardless of what type of catalysts are developed. Many studies have 
suggested that the presence of the porous structure can facilitate the 
transportation of oxygen and electrolyte, which will promote the ORR and 
OER, thereby leading to a reduced overpotential and an enhanced cycle 
performance. 58, 79, 113, 116, 119, 133 It has also been reported that the cycle stability 
and rate performance are dramatically affected by cathode passivation,58, 85 
because of unavoidable formation of side products (Li2CO3 et al.) in the 
discharge-charge process. These side products are indecomposable and could 
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continuously accumulate on the cathode to cover the catalytic active sites of 
the catalyst, to clog the pores of the cathode and to block the pathways of 
oxygen and electrolyte, thereby resulting in cathode passivation and battery 
death.30, 73, 134, 135 Studies have demonstrated that the presence of the porous 
structure can minimize the undesirable clogging of the cathode, thereby, can 
dramatically improve cycle stability of the Li-O2 batteries.58, 79, 113, 116, 119, 133 In 
addition, catalysts with porous structure usually possess large surface area and 
can provide more catalytic active sites to promote the ORR/OER. Among all 
the porous-structured materials, hollow-structured materials are more 
attractive. Except the advantages listed above, the hollow-structured materials 
possess large void space. Even mixed with carbon additives to prepare the 
cathodes, the well-defined hollow structure can act as the frameworks to build 
good porous conducting matrixes, which ensure the easy infiltration of the 
electrolyte and the diffusion of oxygen.  
1.5 Objective and scope of this thesis 
In summary of the above review, various materials have been explored as 
cathode catalysts to improve the performance of Li-O2 batteries. Among them, 
non-precious metal oxide catalysts with high catalytic activity and relative low 
cost have shown considerable advantages. However, there is only limited 
success in developing porous metal oxides with controllable morphology and 
large surface area, which can act as high-efficient cathode catalysts for Li-O2 
    Chapter 1 
30 
 
batteries. In addition, there is also a lack of facile methods to develop these 
porous metal oxides catalysts. Therefore, more efforts shall be devoted to the 
exploration of easy fabrication process to synthesize high-performance porous 
metal oxides catalysts. 
The aim of this thesis is to develop facile approaches to synthesize porous 
metal oxides with controllable morphology and large surface area, which can 
act as efficient cathode catalysts for Li-O2 batteries. Specially, our research 
mainly focused on developing porous perovskite LaNiO3 nanocubes, porous 
cobalt–manganese oxide nanocubes, hierarchical porous δ-MnO2 nanoboxes 
and porous Co3O4 nanoboxes as efficient catalysts for rechargeable Li–O2 
batteries.  
The recent progresses of cathode catalysts in the application of Li-O2 
batteries have been reviewed in this Chapter. Chapter 2 will introduce various 
experimental techniques used for the preparation and characterization of the 
porous metal oxides materials. Detailed battery test techniques will also be 
presented in Chapter 2. In Chapter 3, 4, 5 and 6, the completed synthesis 
methods, detailed physical characterizations and thorough batteries tests of 
various catalysts including porous perovskite LaNiO3 nanocubes, porous 
cobalt–manganese oxide nanocubes, hierarchical porous δ-MnO2 nanoboxes 
and porous Co3O4 nanoboxes will be presented and discussed, respectively. 
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Chapter 2 Experimental Methods 
 
In this chapter, experimental methods utilized in this thesis are introduced. 
The overall experimental procedures for designing metal oxide-based 
nanomaterials as the cathode catalysts for Li-O2 batteries are shown in Figure 
2-1. Our research work mainly involves four steps, including (1) preparation 
of metal oxide-based nanomaterials; (2) physical characterizations of 
as-prepared materials; (3) electrochemical testing of the as-prepared 
nanomaterials as cathode catalysts for Li-O2 batteries and (4) characterizations 
of the cathodes at different discharge-charge states. 
 
Figure 2-1．Framework of the overall procedures of the experiments in this thesis. 
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2.1 Materials Preparation 
Many methods have been developed for the synthesis of nanomaterials, 
such as colloidal methods;136 sol-gel methods,137, 138 water-oil microemulsion 
methods,139-141 hydrothermal methods142-145 etc. Various strategies have been 
employed to introduce porous structure into the nanomaterials, including 
calcination,146-149 hard or soft template methods,79, 150 ion exchange 
methods151-153 etc. In our project, hydrothermal methods, soft template 
methods together with calcination and ion exchange methods were used to 
synthesize various porous nanostructured materials. 
2.1.1 Hydrothermal method 
Hydrothermal synthesis usually refers to the heterogeneous reactions in 
the presence of aqueous solvents or mineralizers under high pressure and 
temperature conditions to dissolve and recrystallize materials that are 
relatively insoluble under ordinary conditions.154 The reaction is performed in 
an apparatus consisting of a steel pressure vessel called autoclave, as shown in 
Figure 2-2. The autoclave can withstand 220 °C due to the stable 
polytetrafluoroethylene (PTFE) liner. In a typical hydrothermal synthesis 
process, the raw materials are dissolved in a solvent to form a transparent 
solution. Then the solution is transferred into the PTFE lined stainless-steel 
autoclave and put into an oven with specific temperature and duration. By 
using hydrothermal method, it is convenient to synthesize nanomaterials with 
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controllable morphology and crystal structure by adjusting the concentration 
of the raw materials, volume of solvents, temperature and the type of solvents. 
In this thesis, a hydrothermal method was used to synthesize porous perovskite 
LaNiO3 nanocubes. 
 
Figure 2-2. Photograph of hydrothermal autoclaves. 
 
2.1.2 Soft template method 
The soft template synthesis, also named self-assembly method, employs 
micelles formed by surfactants to confine the synthesis of nanomaterials into a 
designed morphology.155, 156 The overall synthesis process generally includes 
three steps: (1) combining precursors with templates by impregnation or 
incorporation; (2) forming solid species through reaction, nucleation and 
growth; (3) removing the template by thermal treatment or chemical 
dissolution to get the final products. In this thesis, glycine was used as 
shape-control soft template in the synthesis of porous perovskite LaNiO3 
nanocubes.  
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2.1.3 Ion exchange reactions 
Ion exchange reactions refer to the reactions that ions ligated within the 
nanomaterials are substituted by the ions in the solution. The ion exchange 
reactions have emerged as powerful tools to synthesize nanomaterials with 
controllable composition and morphology.157 In this thesis, we focus on the 
anion exchange reactions, where anions within multicomponent nanomaterials 
are exchanged with the OH- in the solution. During the anion exchange 
reactions, nanomaterials often undergo morphological changes through the 
Kirkendall effect to form hollow-structured materials.158 In this thesis, 
hierarchical porous δ-MnO2 nanoboxes and porous Co3O4 nanoboxes were 
synthesized via ion exchange reactions by using PBAs as precursors.  
 
2.2 Characterization Methods and Techniques 
The as-synthesized products were characterized by various 
characterization tools. The morphology was characterized by scanning 
electron microscope (SEM) and transmission electron microscope (TEM). The 
elemental composition and chemical state were confirmed by 
energy-dispersive x-ray spectroscopy (EDX) and x-ray photoelectron 
spectroscopy (XPS). The crystalline structure was obtained by x-ray 
diffraction (XRD). Fourier transform infrared (FT-IR) spectroscopy and 
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Raman spectroscopy were also used to analyze the composition of the 
products. 
2.2.1 Scanning Electron Microscope (SEM) 
SEM is a type of electron microscope that produces images of a sample 
by scanning it with a focused beam of electrons. It is the most widely used 
technique to determine the morphology and study the surface features of 
materials in micro-and nano- scale. The electrons interact with atoms in the 
sample, producing various signals which contain information about the surface 
topography and composition of the sample. In this thesis, SEM measurements 
were carried out on field emission SEM JEOL JSM-6700F with the spatial 
resolution of about 10 nm. 
2.2.2 Transmission Electron Microscope (TEM) 
TEM is an analytical tool allowing visualization and analysis of samples 
from micro-to nano-scale. It is used to produce images by illuminating the 
sample with electrons in a high vacuum chamber, and detecting the electrons 
which transmit through the sample. In addition, when electrons transmit 
through the sample, some of these electrons are scattered to particular angles 
to form a series of spots on the screen, which are named selected area electron 
diffraction pattern (SAED). Moreover, high resolution TEM images also 
provide the information of crystallographic structure and crystal orientation of 
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the sample. In our experiments, the TEM analysis was carried on JEOL 
JEM-2010F and 3010. 
2.2.3 Energy-Dispersive X-ray Spectroscopy (EDX) 
EDX or EDS is an analytical technique that can be used for the 
characterization of the  element and chemical composition of a sample. This 
element analysis can be roughly classified into the qualitative analysis and the 
quantitative analysis. Through EDX measurement, the information of 
chemical composition can be studied.159 The EDX is often used by combining 
it with an electron microscope (including TEM, SEM, etc.) In this thesis, the 
EDX pattern was obtained from the energy-dispersive x-ray spectroscopy 
attached in the TEM-3010. 
2.2.4 Thermogravimetric Analysis (TGA) 
TGA is a technique in which the mass of a substance is monitored as a 
function of temperature. The analysis is usually carried out in air or in an inert 
atmosphere, such as Argon. In our experiments, TGA was used to determine 
the decomposition temperature of the sample in air. The measurement was 
performed using a TA instrument 2960 under air gas flow in the temperature 
range of 30-800 °C and the heating rate of 10 °C min−1. 
2.2.5 X-ray Diffraction (XRD) 
XRD is a tool to reveal the detailed information about the 
crystallographic structure and chemical composition of materials. Crystals are 
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regular arrays of atoms, and the plane of the arrays will cause an incident 
beam of x-rays to interfere with one another when they leave the crystal, 
resulting in the diffraction. The scattered x-ray beam is recorded by the 
detector as a function of incident and scattered angle. In this thesis, the XRD 
patterns were recorded on a PANalytical Empyren DY 708 diffractometer with 
Cu radiation (Cu Kα = 0.15406 nm).  
2.2.6 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface chemical analysis technique that can measure the 
elemental composition and chemical state of the elements in materials by 
providing their core level peaks at particular energies in the photoelectron 
spectrum. In this thesis, XPS is mainly utilized to analyze the elemental 
composition of the as-prepared materials and confirm the process of ion 
exchange reactions. The XPS analyses were performed with a XR 50 HP x-ray 
source and Phoibos HSA3500 analyzer. 
2.2.7 Fourier Transform Infrared (FT-IR) Spectroscopy 
FT-IR spectroscopy is a technique, which can be used to identify the 
composition of materials. In the FT-IR testing, infrared radiation passes 
through a sample. Some of the infrared radiation is absorbed by the sample 
and some of it will pass through (transmitted) the sample. The resulting 
spectrum represents the molecular absorption and transmission, creating a 
molecular fingerprint of the sample. This makes infrared spectroscopy useful 
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to identify the unknown materials and determine the amount of components in 
a mixture. In this thesis, FT-IR spectroscopy was used to determine the 
composition of the as-prepared materials and to confirm the proceeding of ion 
exchange reactions. In addition, FT-IR spectroscopy is a good tool to analyze 
the products of the Li-O2 batteries at different discharge-charge states, which 
has been used in our experiments. In this thesis, FT-IR instrument was carried 
on FT-IR Spectrum 2000 (PerkinElmer) and Varian-3100 FT-IR Spectrometer.  
2.2.8 Raman Spectroscopy 
Raman spectroscopy provides information about molecular vibrational, 
rotational, and other low-frequency modes that can be used for material 
identification and quantification. In the Raman measurement, monochromatic 
light source (i.e. laser) is shined on a sample and the scattered light can be 
affected by the molecular vibrations, rotation etc., resulting in the energy shift 
of the laser photons. Plotting the intensity of this "shifted" light versus 
frequency results in a Raman spectrum of the sample. In this thesis, Raman 
spectroscopy was used to analyze the products of the Li-O2 batteries at 
different discharge-charge state and the measurements were carried out by the 
Renishaw Invia system with a 532 nm excitation line. 
2.2.9 Surface area and Pore size Analysis 
The specific surface area of a powder is determined by physical 
adsorption of a gas (nitrogen) on the surface of the solid. 
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Brunauer-Emmett-Teller (BET) theory is widely used to explain the physical 
adsorption of gas molecules on a solid surface and calculate the specific 
surface area based on the amount of the adsorbed gas.160 However, the BET 
theory does neither provide a pore size nor a pore size distribution. Therefore, 
Barrett-Joiner-Halenda procedure has been developed to calculate pore size 
distributions from experimental isotherms using the Kelvin model of pore 
filling. This procedure assumes the monolayer adsorption of N2 molecules on 
the surface of the sample. The pore volume and pore size distribution are 
assessed based on the principle of capillary condensation. Prior to the 
measurement, the sample should be pre-treated at high temperature in vacuum 
or flowing gas in order to remove any contaminants. In our experiments, BET 
surface area and BJH pore size distribution were measured by nitrogen 
sorption at 77 K on surface area analyzers (QuadraSorb SI and NOVA 2200e). 
 
2.3 Batteries and Electrochemical measurements 
2.3.1 Electrode preparation and cell assembly 
The cathodes were prepared by coating the catalysts slurries on carbon 
papers homogenously. The catalysts slurries were prepared by mixing 40% 
catalysts with 50% conductive carbon and 10% binder, or 90% conductive 
carbon with 10% binder. In Chapter 3, 4, and 5, VX-72 carbon was employed 
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as the conductive carbon and Polyvinylidene Fluoride (PVDF) was used as the 
binder. In Chapter 6, the conductive carbon was changed to Ketjenblack  
 
Figure 2-3. (a), (b) Photograph of the modified Swagelok Li-O2 batteries cell; (c) 
Photograph of the modified coin cell based Li-O2 battery; (d) Scheme of the coin cell 
based Li-O2 battery assembly. 
 
EC-300J carbon, and PTFE was used as the binder. The mass loading of the 
catalysts together with the conductive carbon and binders on each carbon 
paper was about 0.8-1.2 mg. The Li-O2 batteries were assembled using 
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modified Swagelok cells (Figure 2-3a and 2-3b) and modified coin cells 
(Figure 2-3c and 2-3d) in glove box under Argon atmosphere. The cell 
consisted of a lithium chip as the anode, glass fiber membrane or PP 
membrane as the separator and an as-prepared oxygen cathode, as shown in 
Figure 2-3d. 1 M LiCF3SO3/TEGDME was used as the electrolyte. 
2.3.2 Galvanostatic discharge and charge measurement 
Generally, the battery performances including capacity, rate performance 
and cycle stability of the Li-O2 batteries were measured by galvanostatic 
discharge-charge testing. Constant current density was applied on the Li-O2 
batteries, and the capacity can be calculated using the follow formula:  
Q ൌ I ൈ t 
where I is the constant current density and t is the discharge time. The specific 
discharge capacities calculated in this thesis were based on the total weight of 
the catalysts, carbon additives and binders. The full capacity galvanostatic 
discharge–charge test of the Li-O2 batteries with porous pervoskite LaNiO3 
nanocubes electrodes was within a voltage window of 2.0–4.3 V (vs. Li/Li+), 
while the cut-off voltage has been changed to 2.0-4.5 V(vs. Li/Li+) for porous 
cobalt–manganese oxide, hierarchical porous δ-MnO2 nanoboxes and porous 
Co3O4 nanoboxes based Li-O2 batteries.  
The long cycle stability of the Li-O2 batteries was evaluated following a 
widely used method by limiting the discharge capacity, which can minimize 
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the serious electrode passivaton and electrolyte decomposition occured in the 
deep discharge-charge process.85, 161 When the discharge potential dropped 
below 2.0 V, we considered the cell to be failed. In our experiments, 
galvanostatic discharge–charge test of the Li–O2 batteries was carried out on a 
LAND multichannel battery testing system 
2.3.3 Electrochemical Impedance Spectroscopy (EIS) 
EIS is generally used to measure the impedance of a system over a range 
of frequencies. Through the EIS measurement, the fundamental sources of the 
impedance can be separated and quantified, which will provide the guidance to 
improve the battery performance. In this thesis, EIS was used to determine the 
impedance of the Li-O2 batteries at different discharge-charge state and the 
measurement was carried on Autolab electrochemistry workstation. 
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Chapter 3 Porous perovskite LaNiO3 nanocubes as 




As already discussed in Chapter 1, the Li-O2 batteries system suffers 
from many challenges for practical applications, such as electrolyte instability, 
poor cycle stability and high overpotential.27, 162-164 All these problems are 
related to the sluggish OER. To date, the most efficient OER catalysts are 
precious metals and their metal oxides.165, 166 However, the scarcity and high 
cost limit their large-scale practical applications. Therefore, it is highly 
desirable to develop non-precious metal catalysts for OER.18, 80, 122, 123, 167-169 
Perovskite oxides (ABO3), which are well-known catalysts for the fuel 
cells and zinc-air batteries, recently have also been considered as promising 
candidates for Li-O2 batteries.13, 117, 118, 170-172 S. H. Yang and co-workers have 
systematically investigated the electrocatalytic activity of perovskite oxides 
through molecular orbital principle; they predicted that LaNiO3 possessed 
distinguished intrinsic activity of both ORR and OER among the 
perovskite-type oxides.173, 174 Porous materials which show extra advantageous 
in Li-O2 batteries applications have also been discussed in Chapter 1.119, 120, 123  
In this work, porous LaNiO3 nanocubes were synthesised and employed 
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as the cathode catalysts for Li-O2 batteries. The as-prepared catalysts showed 
improved performance in both discharge and charge processes. In particular, in 
charge process, the catalysts could significantly reduce the overpotential up to 
~260 mV and ~ 350 mV compared with the LaNiO3 particles and commercial 
VX-72 carbon electrodes at the current density of 0.08 mA cm-2. The charging 
voltage could be even decreased to 3.40 V at lower current density of 0.016 
mA cm-2. The Li-O2 batteries assembled by the porous LaNiO3 nanocubes as 
cathode catalysts also showed enchanced capacity and good cycle stability. 
 
3.2 Experiments 
3.2.1 Synthesis of porous LaNiO3 nanocubes and LaNiO3 particles  
Typically, 0.455 g La(NO3)3, 0.305 g Ni(NO3)2·6H2O and 0.394 g glycine 
were dissolved in 75 ml deionized (DI) water to form a transparent solution. 
The pH of the solution was then adjusted to about 7.7 by slowly adding 
NH3H2O. After 10 min stirring, the solution was transferred into a 90 ml 
Teflon-lined stainless-steel autoclave and heated at 180 C for 12 h. The 
obtained precursors were washed several times and dried at 80 C. After that, 
the precursors were annealed at 650 C for 2 h in O2 atmosphere to obtain 
porous LaNiO3 nanocubes. The reference LaNiO3 particles were synthesized 
with the same procedure without using glycine in the hydrothermal reactions. 
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3.2.2 Rotating disk electrode (RDE) measurement in aprotic electrolyte 
The catalyst ink was prepared by homogeneously dispersing 3 mg porous 
LaNiO3 nanocubes catalysts, 4.5 mg VX-72 carbon into 60 l Nafion and 600 
l DI water solution. The thin-film electrode was then prepared by 
drop-casting the catalyst ink onto the flat GC electrode, yielding carbon 
loading of 0.3 mgcarbon cm-2disk. The RDE measurement system in aprotic 
electrolyte included a lithium-foil as the counter electrode, a reference 
electrode and a thin-film working electrode. The reference electrode was a 
silver wire immersing into 0.1 M tetrabutylammonium hexafluorophosphate 
(TBAPF6) and 0.01 M AgN3 in TEGDME. Before using, it was calibrated 
against Li metal in 1 M LiCF3S3/TEGDME [0 V (vs. Li/Li+) ≈ -3.53 ±0.01V 
(vs. Ag/Ag+)]. Prior to each experiment, the sealed test system was first purged 
with Ar for 15 mins, then the working electrode was cycled in Ar [3.4-2 V (vs. 
Li/Li+) at 100 rpm] until a stable cyclic voltammetric profile was obtained. 
Subsequently, the solution was purged with O2 for 30 mins for the 
chronoamperpmmetry studies. The Li2O2 was deposited on the GC electrode 
by holding the voltage at 2.25 V for 1 h. Linear sweep voltammetry (LSV) 
measurement was conducted with potential scanning from 2.5 to 4.5 V (vs. 
Li/Li+). 
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3.3 Results and Discussion 
3.3.1 Synthesis and characterization of porous LaNiO3 nanocubes 
The nanocube-like precursors were synthesized via a modified 
hydrothermal process,146 with the pH value at 7.7 and the glycine to metal salt 
molar ratio at 3:1. Figure 3-1a and 3-1c show SEM and TEM images of the 
as-prepared nanocube-like precursors. It can be seen that these precursors have 
smooth surfaces with the size about 250 nm. After annealing in O2 at 650	Ԩ 
for 2 h, the surface of the annealed products became rough and rich porosity 
was created as shown in Figure 3-1b and 3-1d. However, the original cubic 
shape was not significantly changed, indicating the stable structure of the 
catalyst. As displayed in the HR-TEM image in Figure 3-1e, the distance of 
the adjacent fringes was 0.271 nm, corresponding to the lattice spacing of the 
(110) plane of perovskite-type LaNiO3.  
The XRD pattern (Figure 3-2a) revealed that the annealed products were 
perovskite-type LaNiO3 (PDF#34-1028) without any La2O3 or NiO related 
phase. This indicated that the nanocube-like precursors had completely 
transformed into LaNiO3 after the 650	Ԩ annealing. The BET specific surface 
area of the annealed products was 35.8 m2 g-1 (Figure 3-2b). It was nearly 10 
times as high as that of the LaNiO3 particles prepared without glycine (Figure 
3-2d). The average pore diameter of the porous LaNiO3 nanocubes was  




Figure 3-1. SEM (a, b) and TEM (c, d) images of the obtained nanocube-like 
precursors before (a, c) and after (b, d) annealing, respectively; (e) High-resolution 
TEM image of porous LaNiO3 nanocubes from the rectangular box shown in Figure 
(d); (f) ABO3 perovskite oxides structure. 
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~30 nm (Inset in Figure 3-2b). However, only LaNiO3 particles was obtained 
without the using of glycine, as shown in Figure 3-2c. The BET surface area 
of the LaNiO3 particles is about 4.7 m2 g-1 and no pore structure was detected 
(Figure 3-2d). Herein, glycine not only acts as a shape-control agent but also a 
pore-forming agent in the formation of porous nanocubic structure.175, 176  
 
 
Figure 3-2. (a) XRD pattern of the nanocube-like precursors before (black) and after 
(blue) annealing; (b)Nitrogen adsorption-desorption isotherms and pore size 
distribution (inset) of porous LaNiO3 nanocubes catalyst; (c) SEM image of LaNiO3 
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3.3.2 Electrochemical measurements and Li-O2 batteries test 
The electrochemical performance of the porous LaNiO3 nanocubes 
catalyst was measured by the galvanostatic charge-discharge measurements in 
modified Swagelok Li-O2 batteries cells. Reference cathodes made by either 
LaNiO3 particles or commercial VX-72 carbon were employed for comparison. 
Figure 3-3a shows the voltage profiles of first discharge-charge cycle for the 
Li-O2 cells with porous LaNiO3 nanocubes, LaNiO3 particles and VX-72 
carbon electrodes at a current density of 0.08 mA cm-2. The first discharge 
capacity of the battery cell with porous LaNiO3 nanocubes electrode was up to 
3407 mAh g-1, which was higher than that of the LaNiO3 particles and VX-72 
carbon electrodes based batteries with the capacity of 2639 mAh g-1 and 2545 
mAh g-1, respectively. The enhanced discharge capacity of the porous LaNiO3 
nanocubes electrode was attributed to their high catalytic activity, which could 
promote the ORR.  
As shown in Figure 3-3a, the porous LaNiO3 nanocubes catalyst 
possessed excellent OER performance with the charge voltage plateau at about 
3.87 V, which was lower than that of the LaNiO3 particles and VX-72 carbon 
catalysts by ~ 260 mV and 350 mV, respectively. In order to further analyze 
the OER performance of porous LaNiO3 nanocubes electrode, galvanostatic 
charge-discharge measurements at 0.16, 0.04 and 0.016 mA cm-2 were also 




Figure 3-3. (a) First discharge-charge curves of Li-O2 batteries with porous LaNiO3 
nanocubes, LaNiO3 particles and VX-72 carbon electrodes at 0.08 mA cm-2; (b) First 
discharge-charge curves of Li-O2 batteries with porous LaNiO3 nanocubes electrode at 
0.16, 0.08, 0.04 and 0.016 mA cm-2; (c) Chronoamperometry showing normalized 
current evolution with time for various catalysts at 2.25 V; (d) Linear sweep 
voltammetry of porous LaNiO3 nanocubes, LaNiO3 particles and Vulcan X72 carbon 
catalysts. 
 
performed as shown in Figure 3-3b. When the current density was 0.016 mA 
cm-2, the charge plateau was lower to 3.40 V. To our knowledge this was one 
of the lowest charge potential among the reported non-precious metal oxide 
catalysts.82, 107, 177 Even at a higher current density (0.16 mA cm-2), the charge 
plateau only increased to 4.00 V, which was also lower than that of other 
non-precious metal oxide catalysts at the same current density.119, 123 These 
results demonstrated that the porous LaNiO3 nanocubes catalyst possessed 
excellent OER performance under a wide range of current densities. In order 
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to confirm the high OER performance of porous LaNiO3 nanocubes catalyst, 
the electrochemical measurement in aprotic electrolyte system was performed. 
As shown in both chronoamperometry process and LSV measurement (Figure 
3-3c and 3-3d), higher current density of porous LaNiO3 nanocubes catalyst 
was observed when compared with LaNiO3 particle and VX-72 carbon 
catalysts. This demonstrated that the porous LaNiO3 nanocubes catalyst had 
promotion effects on ORR and OER.107, 178 There was no obvious difference of 
the onset potential among porous LaNiO3 nanocubes, LaNiO3 particles and 
VX-72 carbon electrodes in the LSV measurement, consistent with previous 
reports.31, 107  
 
Figure 3-4. SEM image of the (a) porous LaNiO3 nanocubes electrode and (b) VX-72 
Carbon electrode after 1st discharge process at the current density of 0.08 mA cm-2. 
 
Our experimental results showed that the porous LaNiO3 nanocubes 
catalyst exhibited superior ORR and OER activity towards the formation and 
decomposition of discharge products, which resulted in a low overpotential of 
the battery cell. The good catalytic activity of the porous LaNiO3 nanocubes 
electrode could be attributed to the pristine activity perovskite-type LaNiO3.171, 
    Chapter 3 
52 
 
172, 174 Meanwhile, these catalysts also acted as a promoter to enhance the 
surface transport of LixO2 species by reducing their bonding energy with 
carbon component in the discharge and charge processes, therefore they can 
enhance the mass transport for both ORR and OER.107, 178 In addition, the 
porous LaNiO3 nanocubes could control the morphology of Li2O2. It can be 
seen in Figure 3-4a, Li2O2 particle was homogeneously depositized on the 
surface of the porous LaNiO3 nanocubes electrode, resulting in film-like 
discharcharge products. The film-like discharge products can be easily 
decomposed with lower overpotential.179. In contrast, toroidal-shaped Li-O2 
was formed on the VX-72 carbon electrode randomly (Figure 3-4b), which 
may be difficult to decompose and resulted in high charge potential. 
Although porous LaNiO3 nanocubes showed good ORR and OER activity, 
during the full capacity discharge-charge tests, it was found that the Li-O2 
batteries cell suffered serious capacity fading. It can be seen in Figure 3-5a, 
only 50% capacity was retained after 3 discharge-charge cycles. The serious 
capacity decay was usually ascribed to the electrode passivation, caused by 
partial blocking of active sites and pores by undecomposed Li2O2 and side 
products (Li2CO3 etc.) during the discharge-charge cycles.30, 177, 180, 181 
Interestingly, we also observed serious degradation at the Li anode. After 3 
discharge-charge cycles, the surface of the Li anode changed from metallic 
chip to white powders (Figure 3-5c and 3-5d), which was evidenced to be 
    Chapter 3 
53 
 
LiOH by the XRD measurement (Figure 3-5b). The formation of LiOH coated 
on the anode will also influence the cycle performance of the batteries cells.135 
 
Figure 3-5. (a) Discharge capacity with cycle numbers under full capacity 
discharge-charge test at the current density of 0.08 mA cm-2; (b) XRD pattern of the 
lithium anode after 3 discharge-charge cycles. Optical images for (c) Lithium anode 
before test; (d) Lithium anode after 3 full capacity discharge-charge cycles. 
 
To explore the cause of the capacity decay, the XRD, Raman 
spectroscopy and SEM analysis of the electrode at different discharge-charge 
states were conducted. After 1st discharge, the discharge products coated on 
the surface of cathode homogeneously, as revealed by SEM image in Figure 
3-6c. The discharged products analyzed by XRD and Raman spectroscopy 
were evidenced to be Li2O2 (Figure 3-6a and 3-6b)39, 182, 183. After charging, 
the Li2O2 related peaks disappeared from the XRD pattern and Raman  




Figure 3-6. (a) XRD pattern of the electrodes at different states of discharge and charge; 
(b) Raman spectra of electrodes at different states of discharge and charge; SEM 
images of the cathode electrode after (c) 1st discharge, (d) 1st charge, (e) 3rd discharge 
and (f) 3rd charge, respectively; (g) SEM image of monolayer polypropylene (PP) 
separator; (h) SEM image of the porous LaNiO3 nanocubes electrode before test. 
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spectrum (Figure 3-6a and 3-6b), indicating that all Li2O2 was decomposed 
without any obvious Li2O2 residual. The morphology of the cathode surface 
after the 1st charging (Figure 3-6d) almost resembled that of the pristine 
electrode (Figure 3-6h), further corroborating the complete decomposition of 
Li2O2 during the charging process. Similar trend was also observed by XRD 
and SEM measurement after the 3rd discharge-charge cycle (Figure 3-6a, 3-6e 
and 3-6f). However, a small Li2CO3 peak was observed in the Raman 
spectrum after 3rd cycle (Figure 3-6b). The Li2CO3 may comes from the 
unavoidable decomposition of the electrolyte and unstable carbon 
component.73, 134 These Li2CO3 will block the small pores in the cathode, 
which will cause the cathode passivation and result in the capacity fading. It 
was also found that the widely used PP separators could not effectively 
prevent O2 diffusion to the Li anode, due to their large pore size (Figure 3-6g). 
Such oxygen crossover through the separators could enhance the formation of 
LiOH, predominantly occurring at the tri-phase interface between Li anode, 
oxygen and the electrolyte (hydrocarbon based electrolyte as hydrogen source 
for the LiOH formation).135 The trace amount of water diffused from the air 
and the moisture possibly existed in the electrolyte could also induce the 
formation of LiOH at the Li anode. The coating of the indecomposable LiOH 
on Li anode could greatly inhibit the discharge reaction.184 Hence, battery 
capacity fading was also caused by the incomplete recovery of the lithium 
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anode during the charge process and the continuous consumption of Li by the 
formation of the indecomposable LiOH during the cycles. When “rebuilt” the 
battery cell by replacing the faded Li electrode with a fresh Li anode after 5 
cycles, an increased discharge capacity was obtained (Figure 3-7). This results 
further confirmed that the capacity decay was not mainly ascribed to the 
cathode passivation as the cathode maintained its activity to catalyse the ORR.  
 
Figure 3-7. First discharge-charge curves of the “rebuilt” battery cell for porous 
LaNiO3 nanocubes electrode at 0.08 mA cm-2. 
 
To minimize the corrosion of the anode and the passivation effect of the 
cathode, we measured the Li-O2 batteries with porous LaNiO3 nanocubes 
electrodes following a recently widely adopted method40, 185 by limiting the 
depth of discharge and “rebuilt” the cell with fresh lithium metal during the 
test process. Improved cycle performance of Li-O2 batteries was obtained. 
Figure 3-8a showed the voltage profiles of porous LaNiO3 nanocubes 
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electrode cycled at 0.08 mA cm-2 with the curtailing capacity of 1000 mAh g-1. 
The reversible cycling was carried out for 23 cycles without obvious capacity 
fading (Figure 3-8a). Reducing the curtailing capacity to 500 mAh g-1, the 
cycle number of the battery could increase to 75 cycles (Figure 3-8b), which 
was much larger than that of VX-72 carbon electrode with 22 cycles testing in 
the same condition (Figure 3-8c). These results indicated that the porous 
LaNiO3 nanocubes electrodes had good rechargeablity and cyclability. 
 
Figure 3-8. (a), (b) Cyclic performance of porous LaNiO3 nanocubes electrode at 0.08 
mA cm-2 with limited capacity of 1000 mAh g-1 and 500 mAh g-1, respectively; (c) 
Cyclic performance of VX-72 carbon electrode at 0.08 mA cm-2 with limited capacity 
of 500 mAh g-1. 
 




In summary, porous LaNiO3 nanocubes with large specific surface area 
was employed as cathode catalyst for Li-O2 batteries. Batteries assembled with 
porous LaNiO3 nanocubes showed excellent charging performance with 
significantly reduced overpotentials (3.40 V). It also showed enhanced 
capacity of 3407 mAh g-1 and good cycle stability of 75 cycles without any 
obvious capacity decay at a 500 mAh g-1 capacity limitation. It was also found 
that corrosion of lithium anode together with the passivation of cathode were 
responsible for the capacity fading of Li-O2 batteries. This work suggests an 
alternative approach to develop high performance catalysts in Li-O2 batteries 
by tuning the structure of perovskite oxides. 
 
 
    Chapter 4 
59 
 
Chapter 4 Porous cobalt-manganese oxide nanocubes 
derived from prussian blue analogous as cathode 
catalysts for rechargeable Li-O2 batteries 
 
4.1 Introduction 
Spinel oxides (AB2O4), which have been widely used as electrode 
materials in Li-ion batteries186, 187, zinc-air batteries188, 189 and 
supercapacitors190, 191 recently have also been demonstrated as efficient 
catalysts for Li-O2 batteries.18, 27, 123, 124, 192 As mentioned in previous Chapters, 
porous materials possess unique advantages for the application of Li-O2 
batteries, as they can facilitate the transportation of oxygen and electrolyte, 
minimize the clogging of cathode and provide a large surface area. Recently, 
nanoscale Prussian blue analogous (PBAs) with controlled structure have been 
recognized as promising precursors to synthesize porous spinel oxides.147, 151, 
193, 194 Lou and his colleagues have successfully developed a series of Fe-based 
porous metal oxide by using Fe4[Fe(CN)6]3 as the sacrificial precursor.147, 151, 
195 Chen et al. also have paved the way for the synthesis of various porous 
metal oxides (such as Co3O4, FexCo3−xO4, CuO/Cu2O etc) based on the PBAs 
templates.196-199 The metal oxides derived from PBAs exhibit large 
surface area, uniform inter-connected pore structure and hierarchical pore 
size.196, 200 All of these features are crucial for the design of 
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highly-efficient cathode catalysts for Li-O2 batteries. 
In the present study, porous spinel-type cobalt-manganese oxide 
(Co-Mn-O) nanocubes derived from PBAs were synthesized and 
employed as cathode catalysts for Li-O2 batteries. The as-prepared 
catalyst showed high catalytic activity towards both ORR and OER with 
reduced overpotential. The batteries assembled with the porous 
Co-Mn-O nanocubes electrodes showed enhanced specific capacity and 
rate performance. Improved cycle stability up to 100 cycles was also 
obtained with a limited capacity of 500 mAh g-1. 
  
4.2 Experiments 
4.2.1 Synthesis of Co-Mn-O  
The nanocube-like PBAs precursors were synthesized via modified 
self-assembly methods.201, 202 Typically, 0.0372g Mn(CH3COO)2·4H2O and 
0.6g polyvinyl pyrrolidone (PVP) were dissolved in 7 ml deionized (DI) water 
and 30 ml absolute ethanol to form a transparent solution. 20 ml 0.04 mmol 
K3[Co(CN)6]2 was then added dropwise into the above solution by using a 
syringe. The mixed solution was kept under room temperature for 24h. The 
resulting white precipitate was collected and washed several times with 
absolute ethanol, finally dried in an oven at 80 oC. After that, the precursors 
were annealed at 475 oC for 1.5 h in air to obtain the finial products. 
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4.2.2 Characterization techniques 
The Rietveld refinement of the XRD pattern was implemented in TOPAS 
V3 software. The contents of the metal elements were determined by 
Dual-view Optima 5300 DV inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) system. 
 
4.3 Results and Discussion 
4.3.1 Synthesis and characterization of porous Co-Mn-O nanocubes 
The morphologies of the as-synthesized precursors and annealed products 
examined by SEM and TEM were shown in Figure 4-1. Uniform nanocubic 
precursors with the average size of 150-200 nm were obtained via the facile 
solution method. The nanocubic precursors showed well-defined cubic shape 
and smooth facets (Figure 4-1a and 4-1b). The formation of the cubic structure 
was due to the lower surface energy of (100) facets in fcc nanocrystal.203 
When the cubic grows, ions tend to attach along (100) facets to minimize the 
surface energy.202 The good uniformity in size and shape of the as-synthesized 
precursor was attributed to the use of ethanol and PVP, which can slow down 
the self-assembly process and prevent the particles agglomeration, 
respectively.201, 202  




Figure 4-1. SEM (a, c) and TEM (b, d) images of the obtained nanocube-like 
precursors before (a, b) and after (c, d) annealing, respectively. 
 
The XRD pattern (Figure 4-2a) demonstrated that these precursors were 
Mn3[Co(CN)6]2·9H2O (PDF#51-1898). After annealing, the surface of the 
precursors became rough and porous structure was formed (Figure 4-1c and 
4-1d). There was negligible change in the shape and size of the annealed 
products, indicating the good structural stability of the precursors. The ICP 
analysis indicated that the annealed products comprised 12.7 wt % Co and 
16.7 wt % Mn, reflecting the Co/Mn mole ratio equaled to 2/3, which was 
consistent with that in the PBAs precursors. The crystallographic structure and 
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phase composition of the annealed products were determined by XRD. Two 
sets of diffraction peaks index to tetragonal (Co,Mn)(Co,Mn)2O4 phase 
(I41/amdS; PDF#18-0408) and cubic MnCo2O4 phase (Fd-3m; PDF#23-1237) 
were observed in Figure 4-2b. The Rietveld refinement of the XRD pattern  
 
Figure 4-2. The XRD pattern of (a) Mn3[Co(CN)6]2•9H2O precursors and (b) the 
nanocube-like precursors after annealing. 
 
 
    Chapter 4 
64 
 
indicated that the mass fraction of tetragonal (Co,Mn)(Co,Mn)2O4 and cubic 
MnCo2O4 were 65 wt % and 35 wt %, respectively. The (Co,Mn)(Co,Mn)2O4 
was an intermediate spinel structure between the normal spinel structure 
(AB2O4) and inverse spinel structure (B[AB]O4), with the formula of 
(A1-xBx)(Ax/2B1-x/2)2O4. Due to the similar chemical states and ionic radius, Co 
and Mn cations were miscible and tended to randomly scatter in the octahedral 
and tetrahedral sites of the (Co,Mn)(Co,Mn)2O4 phase. The mole ratio of 
Co/Mn in the (Co,Mn)(Co,Mn)2O4 component was about 0.77/2.23. 
In addition, clear lattice spacing of 0.487 nm and 0.271 nm were 
observed in the HR-TEM image (Figure 4-3c), in good agreement with the 
inter-plane spacing of spinel-type (Co,Mn)(Co,Mn)2O4 (111) and (113) planes, 
respectively. The selective area electron diffraction (SAED) pattern (Figure 
4-3c inset) showed that the annealed products were polycrystalline. The 
element mapping was carried out to illustrate the spatial distribution of Co, 
Mn and O species in the polycrystalline nanacubes (Figure 4-3d, 4-3e and 
4-3f). It revealed that the Co, Mn and O were homogeneously distributed in 
the porous Co-Mn-O nanocubes.   




Figure 4-3. HR-TEM images (a, b, c) and SAED pattern (c inset) of porous Co-Mn-O 
nanocubes; EDX mapping (d, e, f) of porous Co-Mn-O nanocubes. 
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The porosity of the annealed products was determined by N2 
adsorption-desorption measurement. The Nitrogen adsorption-desorption 
isotherms were displayed in Figure 4-4. It could be observed that the isotherm 
was type IV with H3-shaped hysteresis loops, which was the typical 
characteristics for the presence of mesopores. The BET specific surface area 
of the porous Co-Mn-O nanocubes was up to 110 m2 g-1 (Figure 4-4), which is 
much higher than those of the reported spinel-type oxides catalysts.123, 186, 204, 
205  The pore size distribution of the annealed products calculated from the 
BJH method was shown as inset of Figure 4-4. A bimodal pore distribution 
centered at about 4 nm and 6 nm was observed. These pores refer to the 
interspace between the aggregated nanoparticles in the nanocubes. The pore 
volume the annealed products is about 0.22 cm3 g-1. 
 
Figure 4-4. Nitrogen adsorption-desorption isotherms and pore size distribution (inset) 
of porous Co-Mn-O nanocubes catalyst. 
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The porosity was generated from the release of gas molecules during the 
calcination of the PBAs precursors.193 The decomposition behavior of the 
nanocubic precursors during the calcination was investigated by TGA. A 
significant weight loss about 31 wt% was observed between 300	Ԩ and 
365	Ԩ (Figure 4-5a) due to the oxidation of the cyanide and residual PVP. 
This result was also evidenced by the FT-IR spectrum as shown in Figure 4-5b, 
the dominant peaks at 2170 cm-1 attributed to CN stretching disappeared in the 
FT-IR spectrum, suggesting C and N atoms were oxided into gases and 
escaped, thus giving rise to the formation of inter-connected small pores.193 
The formation of inter-connected pores can generate a 3D structure of the 
nanocubes and expose more active catalytic sites. These inter-connected pores 
can also facilitate the diffusion of oxygen and electrolyte. All of these factors 
can improve the performance of Li-O2 batteries. 
 
Figure 4-5. (a) Thermogravimetry (TG) of Mn3[Co(CN)6]2•9H2O precursors (b) FT-IR 
spectrum of the PBA precursor before (black) and after (blue) annealing.  
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4.3.2 Batteries performance of Co-Mn-O nanocubes 
The battery performance of the porous Co-Mn-O nanocubes catalyst was 
characterized by the galvanostatic charge-discharge test in modified coin cells. 
Due to the relatively poor electrical conductivity of metal oxide, VX-72 
carbon black was used as the electrically conductive additive, mixed with 
Co-Mn-O nanocubes catalyst to form a conducting matrix as the air cathode. 
Figure 4-6 shows the first discharge-charge profiles of the Li-O2 cells with 
porous Co-Mn-O nanocubes and VX-72 carbon electrodes at a current density 
of 0.04 mA cm-2. The open circuit voltages of these two batteries were all 
about 3.1-3.2 V. It can be seen that the porous Co-Mn-O nanocubes presented 
a n 
 
Figure 4-6. First discharge-charge curves of Li-O2 batteries with porous Co-Mn-O 
nanocubes and VX-72 carbon electrodes at 0.04 mA cm-2. 
 
 
improved ORR and OER activity with reduced voltage gap, which was about 
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200 mV lower than that of VX-72 carbon electrode. The round-trip efficiency 
(the ratio of discharge to charge voltage) of the Li-O2 battery with porous 
Co-Mn-O nanocubes electrode was about 68%, which was higher than that of 
VX-72 carbon electrode (63%). Enhanced capacity of the battery with porous 
Co-Mn-O nanocubes electrode was also observed in Figure 4-6. The first 
discharge capacity of the battery with porous Co-Mn-O nanocubes electrode 
was up to 7653 mAh g-1, which was significantly higher than that of the 
VX-72 carbon electrodes (4644 mAh g-1). This value was also higher than that 
of the catalysts with the similar composition.115, 206, 207 The enhanced capacity 
of the porous Co-Mn-O nanocubes electrode was attributed to its higher 
catalytic activity to promote the ORR. Their large surface area also offered 
sufficient active sites to catalyze the ORR. 
We further conducted the battery tests at different current densities to 
explore the rate performance of the Li-O2 batteries (Figure 4-7a and 4-7b). It 
can be seen that the batteries with the porous Co-Mn-O nanocubes electrodes 
showed both higher discharge capacity (Figure 4-7c) and higher capacity 
retention (Figure 4-7d) under all current densities. The improved rate 
performance of porous Co-Mn-O electrode was ascribed to the porous 
structure, which could ensure the fast transportation of oxygen and electrolyte, 
and hence promote the mass transfer during the formation and decomposition 
of Li2O2.  




Figure 4-7. First discharge-charge curves of Li-O2 batteries with (a) VX-72 carbon 
and (b) porous Co-Mn-O nanocubes electrodes at various current densities; (c) 
Discharge capacity and (d) rate capacity retention of Li-O2 batteries cells with 
different electrode at various current densities. 
 
The full capacity discharge-charge cycle performance of the Li-O2 
batteries was examined at the current density of 0.16mA cm-2 (Figure 4-8). As 
shown in Figure 4-8a, the carbon electrode delivered reasonable high capacity 
at the first discharge process, however only 30% of the capacity was recharged 
during the charge process. The average Coulombic efficiency of the VX-72 
carbon electrode was only 50% during the first 5 cycles (Figure 4-8c). The 
poor charging efficiency of VX-72 carbon electrode resulted in the incomplete 
decomposition of the discharge products, aggravation of the resistance and  




Figure 4-8. Discharge-charge curves of Li-O2 batteries with (a) VX-72 carbon and (b) 
porous Co-Mn-O nanocubes electrodes at 0.16 mA cm-2; Comparison of (c) 
Discharge capacity and (d) discharge capacity retention  of Li-O2 batteries with 
cycle numbers for different electrodes. 
 
passivation of the air cathode.58 Therefore, rapid capacity decay was observed 
and less than 5 % capacity was retained after 5 discharge-charge cycles 
(Figure 4-8d). In contrast, most of the discharge capacity of the Li-O2 cell with 
porous Co-Mn-O nanocubes electrode was re-charged on each cycle. The 
average Coulombic efficiency was up to 95 % (Figure 4-8c). In this case, more 
than 60 % capacity was kept of the Li-O2 cell with porous Co-Mn-O 
nanocubes electrode after 5 discharge-charge cycles as shown in Figure 4-8d. 
These results emphasized that the porous Co-Mn-O nanocubes catalysts can 
improve the charge efficiency effectively, thus ensured the recovery of the 
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electrode porosity during the charge process and resulted in enhanced cycle 
performance of the batteries. 
The SEM and EIS measurements of the batteries at different test states 
were conducted to further verify the high charge efficiency of Co-Mn-O 
electrode. Figure 4-9 shows the SEM images of the porous Co-Mn-O 
nanocubes and VX-72 carbon electrodes at different discharge-charge states. 
The discharge products Li2O2 were deposited on the surface of these two 
electrodes (Figure 4-9b and 4-9e) after first discharge process. After charge 
process, the discharge products on porous Co-Mn-O nanocubes electrode were 
decomposed completely (Figure 4-9f); while parts of the discharge products 
coating on the VX-72 carbon electrode were still remained (Figure 4-9c). 
These results indicated that the porous Co-Mn-O nanocubes electrodes had 
higher OER activity and charge efficiency than that of the VX-72 carbon 
electrode. In addition, similar trends were also observed during the EIS 
measurement. As shown in Figure 4-10a, the battery cells with VX-72 carbon 
and porous Co-Mn-O nanocubes electrodes showed almost the same 
impedance before test. The impedance of both cells increased significantly 
after first discharge process (Figure 4-10b), which is mainly due to the 
deposition of insulated discharge products Li2O2. After charging, the 
impedance of the battery with porous Co-Mn-O nanocubes electrode  




Figure 4-9. SEM images of the VX-72 carbon electrode (a) before test, (b) after 1st 
discharge and (c) after 1st charge; SEM images of the porous Co-Mn-O nanocubes 
electrode (d) before test, (e) after 1st discharge and (f) after 1st charge; 
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was nearly recovered due to the fully decomposition of Li2O2 (Figure 4-10c 
and 4-10d). However, the impedance of the cell with VX-72 carbon electrode 
was still as high as 300 Ω (Figure 4-10c), indicating the incomplete 
decomposition of the Li2O2 116.  
 
 
Figure 4-10. Electrochemical impedance spectra of Li-O2 batteries with VX-72 
carbon and porous Co-Mn-O nanocubes electrodes at (a) before test; (b) after 1st 
discharge; (c) after 1st charge and (d) compare between before test and after charge. 
 
 
The long cycle stability of the porous Co-Mn-O nanocubes electrode was 
measured following a widely adopted method40, 47, 119 by limiting the discharge 
capacity to 500 mAh g-1. Figure 4-11a and 4-11c were the voltage profiles of 
the batteries with porous Co-Mn-O nanocubes and VX-72 carbon electrodes 
cycled at the current density of 0.16 mA cm-2. It can be seen that the battery 
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with porous Co-Mn-O nanocubes electrode can run 100 cycles without any 
obvious discharge capacity fading (Figure 4-11b), while the cycle numbers 
were limited to 29 for VX-72 carbon electrode (Figure 4-11d). To our 
knowledge, this was one of the best cycle performances among the reported 
catalysts with similar compositions.115, 206, 207 These results further highlight 
that the porous Co-Mn-O nanocubes electrode has excellent long cycle 
stability. 
 
Figure 4-11. Cyclic performance of (a, b) porous Co-Mn-O nanocube electrode and 
(c, d) VX-72 carbon electrode at 0.16 mA cm-2; (a, c) Discharge/charge curves at 









In summary, porous Co-Mn-O nanocubes with large specific surface area 
were synthesized and employed as cathode catalyst for Li-O2 batteries. The 
catalyst showed good ORR and OER catalytic activity with considerable 
reduced overpotentials (200 mV) during the discharge-charge process. The 
batteries assembled with porous Co-Mn-O nanocubes also possessed enhanced 
specific capacity and improved rate performance. Excellent cycle stability up 
to 100 cycles was also obtained by using the porous Co-Mn-O nanocubes 
electrode. The enhanced battery performance can be ascribed to the synergistic 
effect of both the high catalytic activity and the porous structure of spinel-type 
cobalt-manganese oxide.  
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Chapter 5 Synthesis of hierarchical porous δ-MnO2 




MnO2 with various crystalline state, controllable morphologies, high 
catalytic activity and low cost have been demonstrated to be promising 
candidate cathode catalysts for the Li-O2 batteries application. To date, various 
MnO2-based materials have been developed and employed as the cathode 
catalyst for Li-O2 batteries, which show impressive battery performance. 
Among them, δ-MnO2 with two-dimension (2D) lamellar structure has been 
widely investigated as the substrate material, decorated material and catalyst 
in the application of Li-O2 batteries.208-210 All of them shows reduced 
overpotential, improved cycle performance and good rate performance. In 
addition, porous hollow-structured materials also show unique advantages 
among all the porous materials. However, up to now, there has been limited 
success in the synthesis of hollow-structured MnO2 with large surface area.  
PBAs with controlled structure, which are the widely used precursors to 
prepare porous materials, have been recognized as promising precursors to 
synthesize porous hollow-structured metal oxides. Lou and his colleagues 
have successfully developed a series of Fe-based hollow metal oxide through 
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ion exchange reaction by using Fe4[Fe(CN)6]3 as the precursor.151, 195  
In the present study, hierarchical porous δ-MnO2 nanoboxes were 
synthesized by a controllable routine deriving from PBAs, which presented 
co-existing meso-macropores and an extremely large surface area up to 249.3 
m2 g-1. When employed as the cathode catalyst of Li-O2 batteries, the 
hierarchical porous δ-MnO2 nanoboxes electrode can deliver a high discharge 
capacity of 4368 mAh g−1 with reduced overpotentials up to 270 mV 
compared with commercial Vulcan XC-72 carbon electrode at 0.08 mA cm-2, 
and enhanced specific capacity and capacity retention were also obtained at 
various current densities. At a rate of 0.16 mA cm−2, the batteries with 
hierarchical porous δ-MnO2 nanoboxes catalyst possessed long cycle stability 
up to 248 cycles and 112 cycles without obvious capacity decay at the limited 
discharge capacity of 500 mAh g-1 and 1000 mAh g-1, respectively. 
 
5.2 Experiments 
5.2.1 Synthesis of PBAs precursors 
The nanocube-like PBAs precursors were synthesized via a modified 
self-assembly method.201, 202 Firstly, 0.6 g PVP and 0.0372 g 
Mn(CH3COO)2·4H2O were dissolved in 7 ml DI water and 30 ml absolute 
ethanol to form a transparent solution. Then, 20 ml of 0.04 mmol K3[Co(CN)6] 
was added dropwise into the above solution by using a syringe at the rate of 
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0.1 ml min-1. The mixed solution was kept under room temperature for 24 h. 
The resulting white precipitate was collected and washed several times with 
absolute ethanol, and then dispersed into 20 ml of ethanol for further use. 
5.2.2 Synthesis of Mn3O4 nanoboxes 
Mn3O4 nanoboxes were obtained by the reaction of Mn3[Co(CN)6]2·9H2O 
with NaOH at room temperature. Typically, 200 ml of 0.001M NaOH solution 
was added to above Mn3[Co(CN)6]2·9H2O nanocubes suspension and stirred 
for 5 mins. After that, the as-prepared products were collected and washed 
with absolute ethanol and DI water, and finally dried in an oven at 80Ԩ. For 
synthesis of the different morphology of Mn3O4, NaOH solution with different 
concentration (0.0005M, 0.002M, 0.005M, 0.01M, 0.02 M, 0.05 M) was used. 
5.2.3 Synthesis of hierarchical porous δ-MnO2 nanoboxes 
MnO2 nanoboxes were obtained by the reaction of Mn3O4 with 
(NH4)2S2O8. Firstly, 50 ml of 0.5 M (NH4)2S2O8 aqueous solution was 
prepared and the pH of the solution was then adjusted to about 8-9. 50 mg 
Mn3O4 was added to the above solution. After that, the mixture was stirred at 
80	Ԩ for 8 h. The final product was collected and washed with absolute 
ethanol and DI water several times. Finally the products were dried in an oven 
at 80	Ԩ. 
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5.3 Results and Discussion 
5.3.1 Synthesis, morphological and structural characterization  
Figure 5-1 shows the schematic of the synthesis process and 
corresponding characterizations of the obtained hierarchical porous δ-MnO2 
nanoboxes. As schematically displayed in Figure 5-1a, the fabrication process 
was carried out through a three-step route. In the first step, nanosized PBAs 
precursors were synthesized by a self-assembly method,201, 202 and possessed 
smooth facets and well-defined cubic shape with size ranging from 150 to 250 
nm, as shown in the SEM and TEM images (Figure 5-1b and 5-1c). The XRD 
pattern (Figure 5-1d) demonstrated that these precursors were 
Mn3[Co(CN)6]2	∙9H2O (PDF#51-1898). In the next step, intermediate products 
with hollow nanoboxes structure (Figure 5-1e and 5-1f) were obtained by a 
precisely controlled reaction between the PBAs precursors and NaOH alkaline 
solution (0.001M). In the alkaline solution, ion exchange reaction was 
happened as described below: Mn3[Co(CN)6]2(s) + 6OH-(aq) →3Mn(OH)2(s) 
+ 2Co(CN)63-. The ion exchange reaction was verified by the FT-IR and XPS 
analysis in Figure 5-2. The dominant peaks at 2170 cm-1 attributed to CN 
stretching in the FT-IR spectrum and N 1s peak at 397.8 eV in the XPS 
disappeared after the ion exchange reaction, which indicated the removal of 
the Co(CN)63- group from the PBAs precursors. The EDX spectra 
 






Figure 5-1. (a) Schematic illustration of the formation of the hierarchical porous 
δ-MnO2 nanoboxes; SEM images (b, e, h), TEM images (c, f, i) and XRD patterns (d, 
g, j) of the obtained nanocube-like PBAs precursors (b, c, d), porous Mn3O4 
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also showed the disappearance of cobalt content after the NaOH treatment 
(Figure 5-3), further evidencing the ion exchange reaction between Co(CN)63- 
and OH-. The as-prepared intermediate nanoboxes were indexed to Mn3O4 
(PDF#80-0382) instead of Mn(OH)2 by the XRD measurement (Figure 5-1g). 
This was due to the fact that Mn(OH)2 can be easily oxidized by oxygen 
during the self-assembly reaction and drying process.211, 212 The XPS 
measurements further confirmed the formation of Mn3O4 (Figure 5-4a). The 
two peaks with binding energies of 641.5 and 652.8 eV can be assigned to 
Mn2p3/2 and Mn2p1/2 of Mn3O4.213 
 
Figure 5-2. (a) FT-IR and (b) N 1s XPS spectra of the PBAs precursor before (black) 
and after (red) NaOH treatment. 
 
In the last step, the finial products were obtained by oxidizing the hollow 
Mn3O4 nonaboxes with a strong oxidation reagent (NH4)2S2O8 at 80℃. There 
was negligible change in the shape and size after oxidation (Figure 5-1h and 
5-1i), indicating the good structural stability of the porous Mn3O4 nanoboxes. 
The XRD pattern of the finial product (Figure 5-1j) indicated that the porous 
    Chapter 5 
83 
 
Mn3O4 nanoboxes can be easily converted to δ-MnO2 (PDF#18-0802) during 
the low temperature oxidation process. Clear lattice spacing of 0.244 nm was 
observed in the HR-TEM image (Figure 5-5d), which was in good agreement  
 
Figure 5-3. EDX spectra of the PBAs precursors (a) before and (b) after the NaOH 
treatment. 
 
with the inter-plane spacing of (006) plane of δ-MnO2. The SAED pattern 
(Figure 5-5c) showed that the δ-MnO2 were polycrystalline. The formation of 
MnO2 was further confirmed by the XPS measurements (Figure 5-4b). The 
two peaks with binding energies of 642.2 and 653.8 eV corresponded to 
Mn2p3/2 and Mn2p1/2 of MnO2, in good accordance with previous 
report.213-215 It is worth mentioning that our fabrication process was distinct 
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from the conventional synthesis methods, in which the metal oxides were 
usually obtained through calcination of PBAs precursors in air or O2. .196, 198  
 
Figure 5-4. XPS survey of (a) porous Mn3O4 nanoboxes and (b) hierarchical porous 
δ-MnO2 nanoboxes. 
 
In our method, all processes were carried out at low temperature. Therefore, 
the shape and porous structure of the PBAs precursors were well retained and 
particles aggregation was significantly reduced. The porosity of the δ-MnO2 
nanoboxes was determined by N2 adsorption-desorption measurement as 
displayed in Figure 5-5e. It could be observed that the isotherm was type IV 
with H3-shaped hysteresis loops. The BET specific surface area was up to 
249.3 m2 g-1. To the best of our knowledge, this is the largest surface area 
among the reported MnO2 materials.216-218 The pore size distribution in the 
range of 15-158 nm calculated from the BJH method was shown as inset in 
Figure 5-5e. The mesopores around 20 nm referred to the accumulated pores 
of inter-nanoboxes and inter-nanosheets on the surface of the nanoboxes, and 
macropores centered at about 60 nm were related to the inner space of the 
hollow nanoboxes. The existing of meso- and macropores accounted for a 
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significant pore volume up to 0.825 cm3 g-1. The large surface area and 
abundant pore volume should arise from the non-calcination fabrication 
process, which can avoid the serious particles aggregation in the traditional 
 
Figure 5-5. HR-TEM images (a, b, d) and SAED pattern (c) of hierarchical porous 
δ-MnO2 nanoboxes; (e) Nitrogen adsorption–desorption isotherms and pore size 
distribution (inset) of the hierarchical porous δ-MnO2 nanoboxes. 
 
high temperature oxidation process. Such unique porous hollow structure with 
large surface are favorable in Li-O2 batteries, as they can provide (1) 
numerous meso- and macro-channels for the access of oxygen and electrolyte 
to facilitate the rapid diffusion of lithium ions within the electrode and the 
electrolyte, (2) sufficient catalytic sites to promote the ORR/OER. Even mixed 
with carbon additives to prepare the cathode, the well defined hollow 
nanoboxes can act as the frameworks to build good porous conducting 
matrixes, which can facilitate the infiltration of the electrolyte and the 
diffusion of oxygen. 
We also investigated the correlation of the morphology of Mn3O4 
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intermediate products with the concentration of NaOH, as shown in Figure 5-6. 
In the low concentration of NaOH solution (≤0.001M), the ion exchange 
reaction first took place at the interface between the solid PBAs nanocubic 
precursors and NaOH solution, forming a thin layer of Mn(OH)2. With the 
reaction proceeding, OH- ions continued to flow inward slowly to supply the 
ion exchange reaction, while the precipitation of Mn(OH)2 sheets on the 
pre-formed Mn(OH)2 layer and the outward diffusion of Co(CN)63- ions were 
anticipated.151 If the supply of OH- is inadequate (0.0005M), the ion exchange 
reaction was not complete, and the yolk-shelled structural Mn3O4 was 
obtained (Figure 5-6a); otherwise, the whole PBAs precursor was consumed 
and well-defined nanobox was formed (Figure 5-1e and 5-1f). On the contrary, 
in the high concentration of NaOH solution (>0.001M), the inward diffusion 
of OH- and the ion exchange reaction can be significantly accelerated, thereby 
preventing the formation of the Mn(OH)2 shell, and leading to the growth of 
Mn(OH)2 clusters or sheets. For example, at the NaOH concentration of 
0.002M, localized Mn(OH)2 clusters formed and porous structure instead of 
hollow nanoboxes were obtained (Figure 5-6b). At the NaOH concentration of 
0.02M, the cubic structure of the precursors was partially destroyed and 
sheet-like subunits grew significantly (Figure 5-6e). When the concentration 
increased to 0.05M, the cubic morphology disappeared completely and  
 





Figure 5-6. TEM images of the PBAs precursors after the treatment with NaOH 
solution with various concentrations: (a) 0.0005M, (b) 0.002M, (c) 0.005M, (d) 
0.001M, (e) 0.02M, (f) 0.05M. 
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flower-like morphology assembled by ultrathin nanosheets appeared (Figure 
5-6f). These results revealed that the key to obtain the hollow nanoboxes 
structure was the precise manipulation of the ion exchange reaction by using 
the alkaline solution with proper concentration.  
5.3.2 Li-O2 batteries Performance 
The batteries performance of the hierarchical porous δ-MnO2 nanoboxes 
catalyst was evaluated by the galvanostatic charge-discharge measurements in 
coin cell type Li-O2 battery cells. Commercial Vulcan XC-72 (VX-72) carbon 
was employed as reference cathode for comparison. VX-72 carbon black was 
also used as an electrically conductive additive, mixed with hierarchical 
porous δ-MnO2 nanoboxes catalyst to form conducting matrix as the air 
cathode. Figure 5-7a shows the first discharge–charge profiles of the Li–O2 
cells with hierarchical porous δ-MnO2 nanoboxes and VX-72 carbon 
electrodes at a current density of 0.08 mA cm−2. It can be seen that the Li-O2  
 
Figure 5-7. First discharge–charge curves of Li–O2 batteries with (a) the 
hierarchical porous δ-MnO2 nanoboxes and VX-72 carbon electrodes at 0.08 
mA cm−2; (b) blank carbon paper current collector. 
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cell with hierarchical porous δ-MnO2 nanoboxes electrode exhibited increased 
discharge plateau voltage and reduced charge plateau voltage, resulting in a 
reduced overpotential (about 270 mV) compared with the batteries with 
VX-72 carbon electrode. Consequently, enhanced round-trip efficiency (the 
ratio of discharge to charge voltage) was obtained. The round-trip efficiency of 
the Li–O2 cell with the hierarchical porous δ-MnO2 nanoboxes electrode was 
about 66.7%, which was higher than that of the VX-72 carbon electrode 
(61.5%). Another important improvement is that the hierarchical porous 
δ-MnO2 nanoboxes electrode showed enhanced discharge capacity. The first 
discharge capacity of the battery cell with hierarchical porous δ-MnO2 
nanoboxes electrode was 4368 mAh g−1, which is much higher than that of 
VX-72 carbon electrode (3136 mAh g−1). It should be noted that the specific 
discharge capacity of the current collector carbon paper was very low (Figure 
5-7b), indicating that carbon paper was basically inactive and had a negligible 
contribution to the discharge capacity in the Li-O2 battery system. The 
enhanced capacity was attributed to the higher catalytic activity of hierarchical 
porous δ-MnO2 nanoboxes catalyst to promote the ORR. The large surface 
area of the hierarchical porous δ-MnO2 nanoboxes also offered sufficient 
active sites to catalyze the ORR.  
The rate performance of hierarchical porous δ-MnO2 nanoboxes electrode 
and VX-72 carbon electrode were measured at various current densities, as  




Figure 5-8. First discharge-charge curves of Li-O2 batteries with (a) hierarchical 
porous δ-MnO2 nanoboxes and (b) VX-72 carbon electrodes at various current 
densities; (c) Discharge capacity of Li–O2 batteries with different electrodes at various 
current densities; (d) Discharge capacity retention of Li–O2 battery cells with different 
electrodes at various current densities; (e) Coulombic efficiency of Li–O2 batteries 
with different electrodes at various current density. 
 
 
shown in Figure 5-8a and Figure 5-8b. The batteries with the hierarchical 
porous δ-MnO2 nanoboxes electrodes possessed a higher discharge capacity 
(Figure 5-8c) and higher capacity retention (Figure 5-8d) than that of the pure 
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VX-72 carbon electrodes under all investigated current densities. In addition, 
the charge capacities of the batteries with porous δ-MnO2 nanoboxes 
electrodes were close to the discharge capacity at all the investigated current 
densities (Figure 5-8a). Even at the current density of 0.24 mA cm−2, the 
coulombic efficiencies (the ratio of charge capacity to discharge capacity) of 
the battery was still higher than 90% (Figure 5-8e), which indicated the porous 
δ-MnO2 nanoboxes electrodes possessed high charge efficiency and good rate 
performance. In contrast, the coulombic efficiencies of the batteries with 
VX-72 electrodes decreased rapidly with the current density increasing and 
most of the capacity cannot be recharged at the current density of 0.24 mA 
cm−2 (Figure 5-8b and 5-8e). Such improved rate performance could be 
ascribed to the mesoporous and macroporous structure, which could ensure the 
easy transportation of oxygen and electrolyte, and thus promote the mass 
transfer during the formation and decomposition of Li2O2. 
The full capacity discharge–charge cycle performance of the Li–O2 
battery was examined at the current density of 0.16 mA cm−2. As shown in 
Figure 5-9a the Li-O2 battery with hierarchical porous δ-MnO2 nanoboxes 
electrode possessed the capacity of 3324 mAh g-1 at the first discharge process 
and of 2203 mAh g-1 after 5 cycles, showing the capacity retention of 68% 
(Figure 5-9c). In contrast, the first discharge capacity of the battery with 
VX-72 electrode was about 1917 mAh g-1 (Figure 5-9b) and rapid capacity 
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decay was observed during the cycle process with less than 5% capacity 
retained after 5 discharge–charge cycles (Figure 5-9c). 
 
 
Figure 5-9. Discharge–charge curves of Li–O2 batteries with (a) hierarchical porous 
δ-MnO2 nanoboxes electrode and (b) VX-72 carbon electrode at 0.16 mA cm−2; 
Comparison of the (c) capacity retention and (d) Coulombic efficiency at different 
cycles of Li–O2 batteries with different electrodes. 
 
The XRD pattern evidenced that the main discharge products of the 
hierarchical porous δ-MnO2 nanoboxes electrode after the 5th discharge were 
Li2O2 (Figure 5-10a). Li2CO3 and CH3CO2Li were also observed in the FTIR 
spectrum (Figure 5-10b), which may come from the electrolyte decomposition 
and side reaction during the discharge-charge process.79, 125 Furthermore, the 




Figure 5-10. (a) XRD pattern and (b) FTIR spectrum of the electrode at different 
states. 
 
average Coulombic efficiency of the battery with hierarchical porous δ-MnO2 
nanoboxes electrode was as high as 96% during these five cycles, which is 
much higher than that of battery with VX-72 carbon electrode (50%) as shown 
in Figure 5-9d. This suggested that the hierarchical porous δ-MnO2 nanoboxes 
electrode possessed high charging efficiency during these cycles. The poor 
charging efficiency of the VX-72 carbon electrode resulted in the incomplete 
decomposition of the discharge products (Figure 5-11a and 5-11c), and the 
resistance aggravation of the air cathode (Figure 5-12a and 5-12b), thereby 
leading to the rapid capacity decay. In contrast, hierarchical porous δ-MnO2 
nanoboxes catalyst can effectively improve the charge efficiency, thus 
ensuring the recovery of the electrode porosity (Figure 5-11d and 5-11f) and 
the low resistance (Figure 5-12a and 5-12b) during the charge process; as a 
consequence, enhanced cycle performance of the battery was obtained. The 
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Figure 5-11. SEM images of the (a, b, c) VX-72 carbon electrode and (d, e, f) 
hierarchical porous δ-MnO2 nanoboxes electrode, (a, d) before test, (b, e) after 5th 
discharge and (c, f) after 5th charge. 
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XRD and FT-IR measurements of the electrode after the 5th charge process 
further confirm the fully decomposition of Li2O2. However, two small peaks 
assigned to Li2CO3 and CH3CO2Li were still observed, arising from the 
undecomposable nature of the side products.118 (Figure 5-10) 
 
Figure 5-12. Electrochemical impedance spectra of Li–O2 batteries with the 
hierarchical porous δ-MnO2 nanoboxes and VX-72 carbon electrodes at (a) before test 
and (b) after 5th charge process. 
 
The full capacity discharge-charge cycle performance of the Li-O2 battery 
with flower-like MnO2 electrode was also examined at 0.16 mA cm-2 for 
Comparison. (Figure 5-13a) There was no big difference between the MnO2 
nanoboxes and flower-like MnO2 electrodes in the first discharge-charge cycle. 
However, more rapid discharge capacity decay was observed when using the 
flower-like MnO2 electrode during the following cycles. This may be due to 
their relative small pore volume and narrow pore size distribution. (Figure 
5-13b) This result further highlights the superiority of hierarchical porous 
δ-MnO2 nanoboxes as the cathode of Li-O2 batteries. 




Figure 5-13. (a) Discharge–charge curves of Li–O2 batteries with hierarchical porous 
δ-MnO2 nanoboxes electrode at 0.16 mA cm−2; (b) Nitrogen adsorption–desorption 
isotherms and pore size distribution (inset) of the flower-like δ-MnO2. The BET 
surface area is about 229.6 m2 g-1 and the pore volume is 0.340 cm3 g-1. 
 
The long cycle stability of the hierarchical porous δ-MnO2 nanoboxes 
electrode was evaluated following a widely used method by limiting the 
discharge capacity.85, 161 When the discharge potential dropped below 2.0 V, 
we considered the cell to be failed. The selected cycled voltage profiles of the 
batteries with hierarchical porous δ-MnO2 nanoboxes electrode at the current 
density of 0.16 mA cm−2 with limited capacity of 500 mAh g-1 was shown in 
Figure 5-14a. There was no loss of the discharge capacity of the battery cell 
with hierarchical porous δ-MnO2 nanoboxes electrode up to 249th cycles 
(Figure 5-14b). In contrast, the cycle numbers were limited to 29 for the 
VX-72 carbon electrode (Figure 4-11c and 4-11d). When increasing the 
curtailing capacity to 1000 mAh g-1, the cycle number of battery with 
hierarchical porous δ-MnO2 nanoboxes electrode can maintain for 112 cycles 
(Figure 5-14c and 5-14d). To our knowledge, this was one of the best cycle  
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Figure 5-14. Cyclic performance of hierarchical porous δ-MnO2 nanoboxes electrode 
at 0.16 mA cm−2 with limited capacity of (a, b) 500 mAh g-1 and (c, d) 1000 mAh g-1, 
respectively; (a, c) discharge-charge curves at different cycles; (b, d) capacity and 
terminal voltage of discharge vs.cycle numbers. 
 
performances compared with state-of-the-art Li-O2 batteries with manganese 
oxide based electrodes under similar testing condition. 80, 85, 209, 219, 220 (Table 
5-1) These results revealed that the hierarchical porous δ-MnO2 nanoboxes 












Table 5-1. Summary of surface area of manganese-based catalysts and their related 













α-MnO2 -- 1.4  at 70 mA g-1 730 
at 70 mA g-1 
-- -- [79] 
δ-MnO2/3-
D graphene 
108 1.4 V 
at 0.083 mA cm−2 
3660 
at 48 mA g-1 
700 
at 387 mA g-1 
132 cycles 





at 0.06 mA cm-2 
2304 
at 100mA g-1 
-- 25cycles 




70 1.38 at 100 mA g-1 1400 
at 100mA g-1 
-- 60 cycles 




125.57 1.25 at 10 mA g-1 7000 
at 100mA g-1 
6300 
at 500 mA g-1 
120 cycles 





at 0.08 mA cm-2 
5533 
at 50 mA g-1 
2022 
at 200 mA g-1 
 
248 cycles 
at 500 mAh g-1 
113 cycles 




In summary, we demonstrated a facile approach to synthesize hierarchical 
porous δ-MnO2 nanoboxes. The as-prepared products possessed hierarchical 
pore size and an extremely large surface area up to 249.3 m2 g-1. In 
Comparison with the Commercial Vulcan XC-72 carbon, the hierarchical 
porous δ-MnO2 nanoboxes as Li-O2 battery cathode catalyst exhibited high 
catalytic activity towards both ORR and OER with reduced overpotentials up 
to 270 mV at 0.08 mA cm-2. The batteries also showed large specific capacity, 
enhanced rate performance and long cycle ability. At a rate of 0.16 mA cm−2, 
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the batteries with hierarchical porous δ-MnO2 catalyst could demonstrate long 
cycle stability up to 248 cycles and 112 cycles with limited discharge capacity 
of 500 mAh g-1 and 1000 mAh g-1, respectively. The improved battery 
performance was attributed to the intrinsic catalytic activity, hierarchical pore 
size distribution and large surface area of hierarchical porous δ-MnO2 
nanoboxes.  The superb performance of the hierarchical porous δ-MnO2 
nanoboxes, together with the Convenient fabrication method, suggests a new 
alternative to develop advanced cathode materials for Li-O2 batteries. 
  
    Chapter 6 
100 
 
Chapter 6 Facile synthesis of porous Co3O4 nanoboxes 
as the efficient cathode catalysts for Li-O2 batteries 
 
6.1 Introduction 
Many researches have suggested that developing efficient cathode 
catalysts is a promising approach to improve the Li-O2 battery performance. 
Co3O4 has been demonstrated as a potential cathode catalyst for rechargeable 
Li-O2 batteries and many approaches have been developed to synthesize 
Co3O4-based catalysts. Hollow-structured catalysts show special advantages in 
Li-O2 batteries, which have been discussed in Chapter 1 and 5. The 
hollow-structured catalysts with well-defined interior voids, functional shells 
and large surface area shall enable the Li-O2 batteries with improved 
performance. However, despite the progress achieved to date, there is a lack of 
a facile method to synthesize hollow Co3O4 materials with all features 
required as cathode catalysts for Li-O2 batteries.  
In this Chapter, we developed a facile method to synthesize porous Co3O4 
nanoboxes via an ion exchange reaction between PBAs nanocubic precursors 
and OH- under low temperature (60 oC). The as-synthesized Co3O4 nanoboxes 
possessed a uniform porous structure and large surface area up to 272.5 m2 g-1. 
When employed as the cathode catalyst for Li-O2 batteries, the porous Co3O4 
nanoboxes showed high catalytic activity towards both ORR and OER with a 
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reduced overpotential up to 300 mV, and presented enhanced capacity and 
improved rate performance. The synergistic effects of large specific surface 
area, porous structure, and high electrocatalytic activity of porous Co3O4 
nanoboxes electrode ensured the Li-O2 battery with excellent cycle stability 
(168 cycles at 500 mA h g-1 and 124 cycles at 1000 mA h g-1). 
 
6.2 Experiments 
6.2.1 Synthesis of PBAs precursors 
The nanocube-like PBAs precursors were synthesized via a modified 
self-assembly method.221, 222 Typically, 0.6 mmol (174 mg) cobalt nitride and 
1.34 mmol (397 mg) sodium citrate were dissolved in 20 mL DI water to form 
a transparent solution A. In the meantime, 0.4 mmol (132 mg) K3[Fe(CN)6] 
was dissolved into 20 mL DI water to form a clear solution B. Then, solution 
A and B were mixed quickly and stirred for 5 min. The mixed solution was 
kept under room temperature for 24 h. The resulting white precipitate was 
collected by centrifugation and washed several times with absolute ethanol, 
then dried at 80 oC overnight. 
6.2.2 Synthesis of porous Co3O4 nanoboxes 
Porous Co3O4 nanoboxes were obtained by the reaction of Co-Fe PBAs 
with NaOH at low temperature. In a typical synthesis, 20 mg of the 
as-prepared Co-Fe PBAs nanocubes were dispersed into 20 mL ethanol and 
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ultrasonicated for 10 min to form a homogeneous suspension. Then, 40 ml 
0.025 M NaOH was added to this suspension. After stirring for 5 min, the 
mixed solution was transferred to a 100 mL Teflon-lined stainless-steel 
autoclave and kept at 60 oC for 30 min. The final products were collected and 
washed with absolute ethanol and DI water for several times, and finally dried 
in an oven at 80 oC. To understand the formation process and optimize the 
reaction conditions, different reaction times (30min and 120 min) and reaction 
temperatures (room temperature, 60 oC and 100 oC), as well as NaOH solution 
with different concentration (0.01M, 0.05M and 0.1M,) were used to 
synthesize a series of Co3O4.  
 
6.3 Results and Discussion 
6.3.1 Synthesis and characterization of Co3O4 nanoboxes 
The fabrication processes of hollow Co3O4 nanoboxes were carried out 
through a two-step route. Firstly, nanosized PBAs precursors were synthesized 
through a self-assembly solution method. 221, 222 The morphology of the 
as-synthesized precursors examined by SEM and TEM was shown in Figure 
6-1a and 6-1b. These precursors presented well-defined cubic shape with an 
average size of 150-250 nm and smooth facets. The XRD pattern (Figure 6-1c) 
evidenced that the precursors were KCo[Fe(CN)6]·3H2O instead of 
Co3[Fe(CN)6]2·nH2O, consistent with the previous report.221 The existence of 
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K element was also confirmed by EDX and XPS measurements, as shown in 
Figure 6-2a and Figure 6-3a. 
 
 
Figure 6-1. SEM images (a, d), TEM images (b, e) and XRD patterns (c, f) of the 
obtained nanocubic PBAs precursors (a, b, c) and hollow Co3O4 nanoboxes (d, e, f). 
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In the next step, the hollow nanoboxes were obtained by adding 40 mL 
0.025 M NaOH solution into those nanocubic precursors, as shown in Figure 
6-1d and 6-1e. In the NaOH solution, ion exchange reaction happened as 
described below:  
KCo[Fe(CN)6](s) + 2 OH-(aq) → Co(OH)2(s) + Fe(CN)63- + K+ 
Negligible change in the shape and size of the nanoboxes was observed after 
the ion exchange reaction, indicating a good structural stability of the 
precursors and the smooth process of the ion exchange reaction. This ion  
 
Figure 6-2. EDX spectra of the PBAs precursors (a) before and (b) after the NaOH 
treatment. 
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exchange reaction was evidenced by EDX and XPS analysis. As shown in 
Figure 6-2 and 6-3, the characteristic peaks of K and Fe in the EDX spectrum 
and dominant K 2p, Fe 2p and N 1s peaks in the XPS spectra disappeared after 
adding NaOH, indicating the removel of K+ and [Fe(CN)6]3-. The as-prepared 
nanoboxes analysized by XRD were indexed to Co3O4 (PDF # 74-2120) 
instead of Co(OH)2 (Figure 6-1f). This was possibly due to the fact that 
Co(OH)2 can be easily oxidized by the dissolved oxygen during the reaction 
process.223, 224 The XPS measurements (Figure 6-4) further confirmed the  
 
 
Figure 6-3. XPS spectra of (a) K, (b) Fe and (c) N elements for the PBAs precursor 
before (black) and after (red) NaOH treatment. 
 
 
    Chapter 6 
106 
 
formation of Co3O4. The two peaks at 794.7 and 779.5 eV correspond to the 
Co 2p3/2 and Co 2p1/2 of Co3O4, which were in good agreement with previous 
reports.225, 226  
 
Figure 6-4. XPS survey of (a) porous PBAs precursors and (b) porous Co3O4 
nanoboxes. 
 
The HR-TEM of the as-prepared hollow Co3O4 nanoboxes was shown in 
Figure 6-5. The surface of the nanoboxes was dominated by the assembly of 
nanosheets and nanoneedles (Figure 6-5b and 6-5c). Clear lattice spacing of 
0.202 nm was also observed in the high-resolution TEM image (Figure 6-5d), 
in good agreement with the inter-plane spacing of (400) plane of Co3O4 (PDF 
# 74-2120). The SAED pattern (Figure 6-5a insert) showed that the Co3O4 
were polycrystalline. 
The specific surface area and porosity of the Co3O4 nanoboxes were 
determined by N2 adsorption-desorption measurement. The type IV Nitrogen 
adsorption-desorption isotherms with H3-shaped hysteresis loops were shown 
in Figure 6-5e. The BET specific surface area of the porous Co3O4 nanocubes 
was up to 272.5 m2 g-1. To our knowledge, this was one of the  




Figure 6-5. HR-TEM images (a, b, c, d) and SAED pattern (a instert) of porous Co3O4 
nanoboxes; (e) Nitrogen adsorption–desorption isotherms and pore size distribution 
(inset) of the porous Co3O4 nanoboxes. 
 
largest surface areas among reported Co3O4 materials.99, 105, 223 The pore size 
distribution calculated from the Barrett–Joyner–Halenda (BJH) method was 
shown in the inset of Figure 6-5e. A wide range of pore sizes from 20 to 140 
nm was observed. The sharp peak centred at about 60 nm was related to the 
hollow structure of the nanoboxes, and the mesopores existed in the porous 
Co3O4 nanoboxes resulted from the accumulated pores of inter-nanoboxes and 
inter-nanosheets on the surface of the nanoboxes. The pore volume of the 
porous Co3O4 nanoboxes was about 0.63 cm3 g-1. 
It was found when 20 mL 0.025M NaOH solution was used, the 
yolk-shelled structural compound was obtained as shown in Figure 6-6a. The 
XRD pattern (Figure 6-6b) indicated that the compound was mixed ingredients 
comprising Co3O4 and KCo[Fe(CN)6]·3H2O. Therefore, it can be proposed 
that the ion exchange reaction firstly took place at the interface between the 
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solid PBAs nanocubic precursors and NaOH solution when the concentration 
of NaOH was 0.025 M, and a thin layer of Co3O4 was formed. With the 
reaction proceeding, the solid KCo[Fe(CN)6]·3H2O continued to be dissolved 
and diffused outward, and subsequently reacted with OH- to form Co(OH)2. 
Finally, it was oxidized by oxygen to form Co3O4.151 If the amount of OH- was 
adequate, the ion exchange reaction proceeded until all the PBAs were 
consumed and well-defined nanoboxes were finally formed (Figure 6-1d and 
6-1e). Otherwise, incomplete ion exchange reaction took place and 
yolk-shelled structural compound was obtained (Figure 6-6a).  
 
Figure 6-6. (a) TEM image of the final products obtained by using 20 ml 0.025M 
NaOH and (b) the corresponding XRD pattern. 
 
We also investigated the correlation of the morphology of Co3O4 with the 
reaction conditions such as reaction time, reaction temperature and the NaOH 
concentration, as shown in Figure 6-7. It can be seen that in Figure 6-7a, 
similar Co3O4 nanoboxes were obtained when the reaction time extended to 
120 min, which indicated that no further reaction took place after the 
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completion of the ion exchange reaction. Figure 6-7b and 6-7c showed the 
products obtained at room temperature and 100 °C, respectively. When mixing 
the PBAs nanocubic precursors with NaOH at room temperature, no obvious 
change of the PBAs nanocubic precursors was observed (Figure 6-7b), 
indicating that no ion exchange reaction occurred at room temperature. 
However, when the temperature was increased to 100 °C, Co3O4 nanoboxes 
formed via the assembly of small nanoparticles were observed in Figure 6-7c. 
These results suggested that temperature was one of the dominant factors for 
the ion exchange reaction. At room temperature, the thermal energy was not 
sufficient to drive the ion exchange reaction, while high temperature (100 °C) 
can accelerate the reaction and lead to the formation of localized nanoparticles. 
The concentration of NaOH also had a crucial effect on the ion exchange 
reaction. Both the PBAs and Co(OH)2 were insoluble in water. The proceeding 
of ion exchange reaction was attributed to the high concentration of NaOH, 
which promoted the forward reaction to form the Co(OH)2. As shown in 
Figure 6-7d, if the concentration was relatively low (0.01 M), negligible 
change of the PBAs precursors was observed. When the concentration of 
NaOH was increased to 0.05 M, hollow structure was maintained. However, 
the surface of the nanoboxes was partially damaged (Figure 6-7e), which may 
be due to the rapid ion exchange reaction rate. At the NaOH concentration of 
0.1 M, the inward diffusion of OH- and the rate of ion exchange reaction were  




Figure 6-7. TEM images of final products under various experiments conditions (a) 
react for 120 min; (b) under room temperature; (c) under 100 °C; (d, e, f) with 40 ml 




    Chapter 6 
111 
 
significantly accelerated, and thereby the nanobox sturcture was destroyed 
completely with the formation of scattered nanoparticles (Figure 6-7f). These 
results indicated that the key to obtain the hollow Co3O4 nanoboxes was the 
precise control of the reaction temperature and the concentration of the 
alkaline solution.  
 
6.3.2 Batteries performance of Co3O4 nanoboxes 
The battery performance of the porous Co3O4 nanoboxes catalyst was 
evaluated by the galvanostatic discharge-charge measurements in coin-cell 
type Li-O2 batteries. EC-300J carbon was used as both the conductive additive 
and the reference cathode for comparison. Figure 6-8 showed the first 
discharge–charge profiles of the Li–O2 cells with porous Co3O4 nanoboxes 
and EC-300J carbon electrodes at the current density of 0.08 mA cm−2. In the 
first discharge process, the porous Co3O4 nanoboxes electrode delivered a 
specific capacity of about 4870 mAh g-1, which was much larger than that of 
the EC-300J carbon electrode (2535 mAh g-1). The enhanced capacity was 
attributed to the large surface area of porous Co3O4 nanoboxes catalyst, which 
can provide sufficient spaces to afford the deposition of Li2O2. In addition, the 
relative higher catalytic activity of porous Co3O4 nanoboxes catalyst also 
promoted the ORR. More importantly, the high catalytic activity of the porous 
Co3O4 nanoboxes gave rise to an increased discharge potential and reduced 
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charge potential of the Li-O2 battery. It can be seen in Figure 6-8, the voltage 
gap of the battery with porous Co3O4 nanoboxes was about 1.39 V, which was 
about 300 mV lower than that of EC-300J electrode. The reduced 
overpotential meant enhanced round-trip efficiency (the ratio of discharge to 
charge voltage). 
 
Figure 6-8. First discharge–charge curves of Li–O2 batteries with the porous Co3O4 
nanoboxes and EC-300J carbon electrodes at 0.08 mA cm−2. 
 
As shown in Figure 6-9a, the rate performance of the porous Co3O4 
nanoboxes was further investigated at the current density of 0.04, 0.16 and 
0.24 mA cm-2, respectively. The batteries with porous Co3O4 nanoboxes 
electrodes exhibited capacity of 4876 mAh g-1 at 0.04 mA cm-2, 4032 mAh g-1 
at 0.08 mA cm-2, 3250 mAh g-1 at 0.16 mA cm-2 and 2075 mAh g-1 at 0.24 mA 
cm-2 (Figure 6-9c). It should be noted that these capacities were much higher 
than that of EC-300J carbon electrodes at the same current density (Figure 
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6-9b and 6-9c). The porous Co3O4 nanoboxes electrode also exhibited better 
 
Figure 6-9. First discharge-charge curves of Li-O2 batteries with (a) porous porous 
Co3O4 nanoboxes and (b) EC-300J carbon electrodes at various current densities; (c) 
Discharge capacity of Li–O2 battery cells with different electrodes at various current 
densities; (d) Discharge capacity retention of Li–O2 battery cells with different 
electrodes at various current densities. 
 
capacity retention than the EC-300J carbon electrode under all investigated 
current densities (Figure 6-9d). These reults further indicated that the porous 
Co3O4 nanoboxes electrode had better rate performance. The improved rate 
performance of the porous Co3O4 nanoboxes electrode was attributed to its 
high catalytic activity, which can promote the sluggish ORR even at high 
current densities. In addition, the porous structure facilitated the diffussion of 
oxygen and electrolyte during the discharge process, which was also beneficial 
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to improve the battery performance. 
To investigate the stability of porous Co3O4 nanoboxes electrode, the 
long-term performance of the porous Co3O4 nanoboxes electrode was 
evaluated following a widely used method by limiting the discharge capacity. 
85, 161 When the discharge potential dropped below 2.0 V, we considered the 
cells to be failed. Figure 6-10a and 6-10b showed the selected cycled voltage 
profiles of the batteries with porous Co3O4 nanoboxes electrodes at the current 
density of 0.16 mA cm−2 with limited capacity of 500 mAh g-1 and 1000 mAh 
g-1, respectively. It can be seen in Figure 6-10a, there was no loss of the 
discharge capacity until 168th cycles with limited capacity of 500 mAh g-1. 
When increasing the curtailing capacity to 1000 mAh g-1, the battery with 
porous Co3O4 nanoboxes electrode still can be cycled for 125 cycles. In 
contrast, the cycle numbers of the EC-300J electrodes decreased to 20 and 11 
with the limited capacity of 500 mAh g-1 and 1000 mAh g-1, respectively, 
which were much smaller than that of the porous Co3O4 nanoboxes electrode. 
These results revealed that the porous Co3O4 nanoboxes electrode had 
excellent cycle stability. 




Figure 6-10. Cyclic performance of porous Co3O4 nanoboxes and EC-300J carbon 
electrodes at 0.16 mA cm−2 with limited capacity of (a, c) 500 mAh g-1 and (b, d)1000 
mAh g-1, respectively. 
 
6.4 Conclusion 
In conclusion, we have developed a facile and controllable method to 
synthesize porous Co3O4 nanoboxes by using Prussian blue analogue as the 
precursor. The correlation between the morphology and the experimental 
conditions has also been investigated in detail. The obtained products 
possessed hierarchical pores and an extremely large surface area (272.5 m2 g-1), 
which would favour the oxygen transportation and provide more catalytic 
active sites to promote ORR and OER. The batteries by using the porous 
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Co3O4 nanoboxes electrodes showed enhanced discharge capacity, reduced 
overpotential, improved rate performance and excellent cycle stability, in 
comparison with the batteries with EC-300J carbon cathodes. The superb 
performance of the porous Co3O4 nanoboxes, together with the facile 
fabrication method, presented an alternative to develop advanced cathode 
catalysts for Li-O2 batteries.
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Chapter 7 Conclusion and Outlook 
 
7.1 Conclusion 
This thesis introduced a few methods to design nanostructured porous 
metal oxides, and emphasized on their application as efficient cathode 
catalysts for lithium-oxygen batteries. Thorough physical characterizations 
have been carried out to study the structure, morphology and composition of 
the nanostructured porous metal oxides. Their formation mechanisms have 
also been revealed. Detailed electrochemical measurements together with the 
physical characterizations have demonstrated that these nanostructured porous 
metal oxides are promising cathode catalysts for Li-O2 batteries. 
In Chapter 3, porous perovskite LaNiO3 nanocubes were successfully 
developed through a hydrothermal method and calcination process. They 
showed excellent OER catalytic activity by significantly reducing the charge 
potentials (3.4 V at 0.016 mA cm-2). The Li-O2 batteries assembled with 
porous perovskite LaNiO3 nanocubes electrodes also possessed enhanced 
capacity of 3407 mAh g-1 at 0.08 mA cm-2 and good cycle stability of 75 
cycles at a 500 mAh g-1 capacity limitation. We also found that the lithium 
anode corrosion and cathode passivation were responsible for the capacity 
fading of Li-O2 battery.  
We then focused on the synthesis of porous and hollow-structured metal 
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oxides derived from Prussian blue analogous (PBAs), and used them as the 
efficient cathode catalysts for Li-O2 batteries. In Chapter 4, spinel-type porous 
Co–Mn–O nanocubes were synthesized through calcination of PBAs 
nanocubic precursors under ambient condition.  The obtained products 
possessed porous structure and large surface area (110 m2 g-1), which would 
favour the oxygen transportation and provide sufficient catalytic active sites to 
promote ORR and OER as Li-O2 battery cathode. The battery showed 
enhanced discharge capacity (7653 mA h g-1 at 0.04 mA cm-2), reduced 
overpotential (200 mV at 0.04 mA cm-2), improved rate performance and 
excellent cycle stability (100 cycles at 500 mAh g-1), in comparison with the 
batteries with VX-72 carbon cathode. This work suggests a new facile 
approach to develop high performance metal oxide catalysts for Li-O2 
batteries by using PBAs as the precursors. 
Hierarchical porous δ-MnO2 nanoboxes and porous Co3O4 nanoboxes 
derived from PBAs were developed and discussed in Chapter 5 and 6, 
respectively. In these two chapters, novel methods to develop 
hollow-structured metal oxides have been introduced. The hollow nanoboxes 
were developed through ion exchange reactions between cyanometallates and 
alkaline solution. The obtained porous δ-MnO2 nanoboxes and porous Co3O4 
nanoboxes possessed impressive large surface areas of 249.3 and 272.5 m2 g-1, 
respectively. The synergistic effects of large specific surface area, porous 
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structure, and high electrocatalytic activity of the hierarchical porous δ-MnO2 
nanoboxes and porous Co3O4 nanoboxes endowed the Li–O2 batteries with 
reduced overpotential, enhanced discharge capacity and improved rate 
performance compared with VX-72 carbon electrode. Both catalysts also 
showed excellent cycle stability. The batteries assembled with hierarchical 
porous δ-MnO2 nanoboxes run more than 240 cycles with limited capacity of 
500 mAh g-1 and 113 cycles with limited capacity of 1000 mAh g-1. The cycle 
numbers of the batteries with porous Co3O4 nanoboxes electrode reached 168 
with limited capacity of 500 mAh g-1 and 125 cycles with limited capacity of 
1000 mAh g-1. The superb performance of the hierarchical porous δ-MnO2 
nanoboxes and porous Co3O4 nanoboxes, together with the convenient 
fabrication method, represents an alternative to develop hollow-structured 
metal oxide catalysts for Li-O2 batteries. 
7.2 Outlook 
The development of Li-O2 batteries is still in its early stage, although 
significant processes have been achieved in recent years. In this thesis, we 
have reported four types of metal oxides materials, which can act as efficient 
catalysts for Li-O2 batteries. However, exact role of the catalysts and the 
actual catalytic mechanism are still vague. In future works, finding out the role 
of the catalysts and the catalytic mechanism is a significant direction in the 
extension of research presented in this thesis. Electrochemical deposition 
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together with surface analysis can be employed to confirm how the Li2O2 
grow on simplex catalyst surface. Surface analysis can also help determine the 
crystal crystallinity, surface morphology and electronic structure of the Li2O2. 
Through comparing the influence of different catalysts, the catalytic 
mechanism could be summarized, thus the role of catalysts can be clear. 
As it stands, very few cathode systems are truly stable during long cycle 
period. The main challenges at the moment are the instability of 
carbon-contained cathode and electrolyte. The unstable system results in high 
overpotential and poor cycle stability. Therefore, developing carbon-free 
cathode and searching for stable electrolytes will be the tough and urgent tasks 
for the development of aprotic Li-O2 batteries. One of the effective methods is 
to directly synthesize the metal-oxide catalyst on carbon-free current 
collectors such as nickel foams and stainless steel. There are several 
interesting directions for future works. 
1. PBAs have been proved as promising precursors to synthesized porous 
metal oxides with large surface area. However, in the thesis all the 
as-prepared metal oxide catalysts are mixed with conductive carbon, 
which will induce the occurrence of side reaction. In the future study, 
approaches can be developed to directly deposit PBAs on the carbon-free 
current collectors. Subsequently, annealed the as-prepared product in air 
to get the carbon- and binder- free cathode catalyst. Through this method, 
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the porous structure and large surface area will be maintained, and the 
side reaction will be reduced. 
2. While the porous perovskite LaNiO3 nanocubes, spinel-type porous Co–
Mn–O nanocubes, hierarchical porous δ-MnO2 nanoboxes  and porous 
Co3O4 nanoboxes have been demonstrated as efficient catalyst for Li-O2 
batteries. Their effects on reducing overpotential are still not as good as 
precious metals. In the future study, precious metals can be introduced in 
the system of non-precious metal oxides systems. Some PBAs with 
precious metals such as Ruthenium Purple (Fe4[Ru(CN)6]3)can be 
developed. This precursor can also be deposited on the carbon-free current 
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